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( 2-2-2b) isodesmic 2NP

isodesmic 16 2NP 308 K ( :400 
r.p.m.) ( 2-2-2c) 2 H-
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( m 3 i S m 67 125

8= K ] P ][ ]/ )   
 

 
 
5 āüāüăý÷øģû÷Ĥù�@ ā Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġāĢċĄÿ÷µėù÷øĥù�R

�A īĴıĦħĴįīĥ ƜƄƠŗşŢ āĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øλċĄąĀ÷İįù÷øĦù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù

 
2NP isodesmic 2-2-4a, b

2NP 433 nm (Soret
) 2NP αNP (1)
εMono εNP ε(c) 2NP c

 
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
αNP ( 2-2-4c)

isodesmic  (2) KI

1/T  (K–1)
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cT  
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 
KI ( 2-2-4c, 2-2-2)

KI van’t Hoff (3) 2NP (ΔH˚)
(ΔS˚) 308 K (ΔG˚) (

2-2-4d)  

 
R 2NP

ΔH˚= –79 kJ mol-1 ΔS˚= –167 J K-1mol-1 ΔG˚= –27.6 kJ mol-1  
 

Ã āüāüĀý÷ĀĘĚ ŃşŚ ĀĘĐ V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

2NP (79 (167 (27.6 
2NF  

 

 
5 āüāüĄý÷ �@ ā ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 
2 2-2-5

2 J- 2NP H-
 

n

G

Pathway B

monomer 2

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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āüāüĀüĂý�@ Ă Ř¿Në/c$ŕŬƉƠŲƥƞƣƆŻŵƥƒ÷

3 AFM  

 

 
5 āüāüąý÷ øģù�@ Ă Ř¿Në/c$Ř}S5÷ øĤù�R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ ċ÷ ĂĆć÷ İįĿ

ġĂĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĥùoé´Þŗ�ł0�R:%÷ øλ÷ċ÷ĄĄą÷İįĿġĂĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛ

Rĉăÿÿ÷ĳýĲýįýù÷øĦù�@ Ă Ř0+ŻƕųƅƠ÷

 
3 J- (3NP)

H- (3NF) ( 2-2-6a, b, d 2-
2-7) 3NF (Te)

( 2-2-6b) cooperative 3NF
cooperative 15 3NF 308 K ( :400 
r.p.m.) ( 2-2-6c) 3

1NF  
 

 
5 āüāüĆý÷ �@ Ă Ř Ēü�/	ƇƊƐŧŪƌƥøĂĘĐùŘ ČĐė V��÷ ÷

øĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷

353 333 313
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5 āüāüćý÷ øģüĦù÷ �@ Ă Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĂĢċāÿ÷µėù÷øħù÷ �

R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ċ÷ĂĆćû÷ăÿąû÷ăāā÷İįĿġĂĢ÷ċ÷āÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷

÷

÷

 
 

5 āüāüĈý÷øģù÷ �@ Ă Ř�'Þ¨ŗŃňŢ�R,:Á�ŻƕųƅƠ:%øλħĸ÷ċ÷ĄăĈ÷İįĿ�'ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġĂĢċāÿ÷

µėù÷øĤù÷ �R,:Á�ŻƕųƅƠ�DŗŃňŢÁ�UR:%øλħį÷ċ÷ąĂÿ÷İįĿġāĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİ
üĀù÷
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3 2-2-8b
Te J- (3NP)

3NF ( 2-2-8c)
( 2-2-9) 3NP isodesmic 3NF cooperative

 
 

 
 
5 āüāüĀÿý÷øģù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĂĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĤù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
3NP isodesmic 3NP

3NF
3NP (2) 3NP

422 nm 15 (2)
3NP 3NP

(ε3NP = 260,000 mol l-1 cm-1 ) J-
3NP (ε3NP 

= 260,000 mol l-1 cm-1 ) isodesic 3NP
( 2-2-10a) KI van’t Hoff (3) 3NP

(ΔH˚) (ΔS˚) 308 K
(ΔG˚) ( 2-2-10b) 3NP
ΔH˚= –65 kJ mol-1 ΔS˚= –120 J K-1mol-1 ΔG˚= –28.0 kJ mol-1  
 

 
 

5 āüāüĀĀý÷ �R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ċ÷ĂĆć÷İįĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĤù÷Ķģİļĵ÷ĒıĨĨ ƒƢ

Ƃƅøěā÷ċÿýĈĈćù
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3NF cooperative 378 nm
(Te)

( 2-2-11a) 3NF
3NP isodesmic

(4)  
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
KI cT

(Te) 3NF KE (5)
 

 
 

−ln +'()( =? = ln -B  (5) 

 
KE van’t Hoff (6)

(ΔH˚) (ΔS˚) 308 K
(ΔG˚) ( 2-2-11b)  
 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
R 3NF

ΔH˚= –108 kJ mol-1 ΔS˚= –226 J K-1mol-1 ΔG˚= –38.4 kJ mol-1  

Ã āüāüĂý÷ĂĘĚ ŃşŚ ĂĘĐ V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

3NP (65 (120 (28.0 
3NF (108 (226 (38.4 
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5 āüāüĀāý÷ �@ Ă ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù

3 2-2-12
3 J- 3NP

H- 3NF  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

G

nucleus

monomer 3

n

Pathway A



 30 

āüāüĀüăý�@{ÜŕŬƉƠŲƥƞƣƆŻŵƥƒŘ£ê÷

1-3
2-2-4  

 
Ã āüāüăý÷ �@ ĀüĂ Ř.Ô�@�/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

J-     
1NP (85 (183 (28.6 
2NP (79 (167 (27.6 
3NP (65 (120 (28.0 

H-     
1NF (113 (253 (35.1 
2NF  
3NF (108 (226 (38.4 

 
 

 
 

5 āüāüĀĂý÷øģùĔü�/	ŃşŚ÷ øĤùĒü�/	Ř}S5÷

 
J-

H-

J- ( 2-2-
13a) face-to-face H-
( 2-2-13b) H-

 
 
  

ba
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āüāüāý�CD�_ťhŢÔ�@ë/	Řoé J�Ð÷

1
˚  

1 2 J-
2

˚

1 2
˚  

 
āüāüāüĀý�@ Ā ŕ ā Ř�ë/	V`÷

1 2  
 

 

 
5 āüāüĀăý÷øģù�ë/	øĀúāùĘĚ Ř0+ŻƕųƅƠøġĀĢúġāĢ÷ċ÷Ąÿ÷µėùøĤù�ë/	øĀúāùĘĚ Ř čĎ ŻƕųƅƠ÷ øĥù÷ �@

Ā ŕ ā Ř�/�ŗGōŢ čĎ URŘ:%øλ ċ÷ăăą÷İįù÷

 
1 2

J- ( 2-2-14a)
CD 1 J- (1NP) CD

( 2-2-14b ) 2 J- (2NP)  ( 2-2-14b 
) 1 2 5-30 %

( 2-2-14b, c) 1 2
18 J- (1+2)NP

( 2-2-15)  

 
5 āüāüĀĄý÷ �ë/	øĀúāùĘĚ Řoé J�ÐXŘ ČĐė V��÷ ÷

øġĀĢþġāĢċĆþĂĿĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷
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5 āüāüĀąý÷ øģù÷ �@ Ā ŕ ā Ř�/��Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ ĕ÷įīİüĀĿ

ġĀĢúġāĢ÷ċ÷Ąÿ÷µėĿġĀĢþġāĢċĆþĂù÷øĤù�'Þ¨ŗŃňŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷

 
1 2

( 2-2-16a) 1
2 ( 2-2-16b) (1+2)NP

1NP 2NP  
 

 

 

 
5 āüāüĀĆý÷øģù÷āĘĚ ś ĀĘĚ ť�"ŋŏŉŕŗ�ł čĎ ŻƕųƅƠ:%÷ øġĀĢċġāĢċ÷Āÿÿ÷µėû÷ġĀĢĉġāĢċ÷ĆĉĂù÷øĤù÷āĘĚ ś ĀĘĚ

ť�"ŋŏŉŕŗ�ł ăăą÷İį Ř čĎ URŘoé:% 

 
2NP 1NP CD

2NP ( 2-2-17a ) 1NP
CD 10

CD (1+2)NP
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āüāüāüāý�ë/	V`V`ť��ŋŏÔ�@ë/	Řoé JƒƢŴƞƚ÷

1 2 (1+2)NP …

 
 

 
 
5 āüāüĀćý÷øģù÷ 0+ŻƕųƅƠ:%ŗşŢoé J�ÐŘÚÕ÷ øīù÷ġĀĢ÷ċ÷Ąÿ÷µė÷øīīù÷ġĀĢ÷ċ÷ĂĄ÷µė÷øīīīù÷ġĀĢ÷ċ÷ăĄ÷µėû÷ġāĢ÷

ċ÷Ą÷µė÷øīĶù÷ġĀĢ÷ċ÷ăÿ÷µėû÷ġāĢ÷ċ÷Āÿ÷µė÷øĶù÷ġĀĢ÷ċ÷ĂĄ÷µėû÷ġāĢ÷ċ÷ĀĄ÷µė÷øĤù÷ 0+ŻƕųƅƠ:%ŗşŢoé J�ÐŘÚ

ÕĊ÷�Dè> Āÿ �Xŗ÷ øĶīùƛƁƠŹųƢƓűŷƣ�"÷ ġĀĢ÷ċ÷ĂĄ÷µė÷øĶīīù÷āĘĚ ť�"÷ ġĀĢ÷ċ÷ăÿ÷µėû÷ġāĢ÷ċ÷Āÿ÷µė÷

 
1 2-2-18 (i) (ii) 1

1NP (pathway B) 1NF (pathway A) (off-
pathway) 1 2 2-2-18 (i), (iii), 
(iv), (v) 2

(1+2)NP 1 1
( 2-2-18a (ii) (v) )

(1+2)NP 1 ( 2-
2-18a) H- 1

MCH Si AFM
( 2-2-19) 1 2 1NF 2NP

(self-sorting)19 2
1 1

 
 

 
5 āüāüĀĈý÷ �ë/	øĀúāùĘĚ Řoé J�ÐXŘ ČĐė V��÷ ÷

øġĀĢþġāĢċĆþĂĿĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù

 
 
 

a

0 6 102
Time (hour)

4 8 12

b
0.1

0 6 102
Time (hour)

4 8 12
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s t)
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m
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s t)
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m
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5 āüāüāÿý÷ �ë/	øĀúāùĘĚ Řoé J�ÐŘƛůƈżƚ÷

 
(1+2)NP 2-2-20

1 2 MCH “Shuffling”  (1+2)NP
(1+2)NP 1 2 1

“Selection” 1NF 1NF 1
1NF 2 2NP (self-sorting) 2

1 1NF
(1+2)NP “Shuffling” “Selection”

(1+2)NP  
2-2-17

CD “Shuffling”
1NF “Selection”

(1+2)NP 1 2
2NP

10 2NP
( 2-2-18b) 1NP 1NF

2NP “Shuffling” (1+2)NP
1 2

 
 
 
 
  

1
2

1·1

1·1

1·2

2·2

1·1·1·1·1·1·1

Nucleation only 
from 1

Elongation 
from the 
nuclei

'Selction'

Coassemble through 
isodesmic model

'Shuffling'

Competition that
determines t50

Pool of 
components

(1+2)NP 1NF
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āüĂýµÎ÷

˚

1 2

 

 
 

 

5 āüĂý÷ t¬Řz]5÷
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āüăýEó÷

 
āüăüĀýƗƠƐũƟƣÌI	øāû÷ĂùŘ/`÷

2-4-1 2-
4-2 S119 S25 S35  
 
Żűƥƚ āüăüĀ÷

 

 

N

NN

N
Zn

NH

O
OC12H25

OC12H25

OC12H25

O

HN

O
C12H25O

C12H25O

C12H25O

O

OH

OH

N

NN

N
Zn BrBr

OTBDPS

OTBDPS

NH

O
OC12H25

OC12H25

OC12H25

OB
O

O

S1

S2

S4

1) Pd(PPh3)4, Na2CO3,
    DMF, EtOH, H2O

2) TBAF, THF

 PPh3, DIAD,
N

NN

N
Zn

NH

O
OC12H25

OC12H25

OC12H25

O

HN

O
C12H25O

C12H25O

C12H25O

O

O
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āüăüĀüĀý%/� Ĝă Ř/`÷

S1 (293 mg, 0.221 mmol) S2 (504 mg, 0.540 mmol)  (135 mg, 1.28 mmol)
N,N-  (45 mL) (5 mL) (5 mL)

( ) (0) (20.4 mg, 0.018 mmol) 100 ˚C 24

(
: =10:1) THF(120 mL)

(1 M THF , 700 µL)

( : =5:1)
(Bio-Beads SX-1, ) S4

(283 mg, : 59 %) NMR MALDI-TOF-MS  
 
1H NMR (CDCl3, 298 K) δ 0.80-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.40-1.46 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 2.31-
2.34 (4H, m, -NH-CH2-CH2-CH2-O-), 3.82-3.85 (4H, m, -NH-CH2-CH2-CH2-O-), 3.98-4.07 (12H, m, CH3-
(CH2)8-CH2-CH2-CH2-O-), 4.42-4.44 (4H, m, -NH-CH2-CH2-CH2-O-), 5.32 (2H, s, HO-), 6.69 (2H, t, J = 5.2 
Hz, -NH-CH2-CH2-CH2-O-), 7.06 (4H, s, C6H2), 7.20-7.29 (8H, m, C6H4), 8.03 (4H, d, J = 8.8 Hz, C6H4), 8.08 
(4H, d, J = 8.8 Hz, C6H4), 8.90 (4H, d, J = 4.8 Hz, β-pyrrole), 8.92 (4H, d, J = 4.8 Hz, β-pyrrole).; 13C NMR 
(CDCl3, 298 K), δ 14.07, 22.61, 22.66, 26.09, 29.19, 29.26, 29.37, 29.56, 29.65, 29.71, 30.31, 31.83, 31.89, 
38.56, 67.06, 69.43, 73.53, 105.67, 112.46, 113.55, 120.22, 120.58, 129.29, 131.50, 131.66, 134.91, 135.48, 
135.55, 135.65, 141.24, 150.11, 150.24, 153.61, 158.07, 167.75.; MALDI-TOF mass (dithranol): calcd. for 
C136H194N6O12Zn: 2168.41; found: 2168.97.; Elemental Analysis: calcd. for C136H194N6O12Zn(CHCl3)0.4 (%): C, 
73.86; H, 8.83; N, 3.79; O, 8.66; Zn, 2.95: found: C, 73.79; H, 8.88; N, 3.73. 
 
 
āüăüĀüāý%/� ā Ř/`÷

S4 (65.2 mg, 30.0 µmol) (R)-(+)-2- -1-  (12 µL, 88 µmol)
(22.8 mg, 86.9 µmol) THF (0.75 mL) 0 ˚C

(40 % 1.9 M) (46 µL, 87.4 µmol) 65 ˚C

( :
=200:1) 2 (50.1 mg : 69 %)

NMR MALDI-TOF-MS  
 
m.p. = 76-79 °C; 1H NMR (CDCl3, 298 K), δ: 0.77-0.87 (m, 18H), 1.10-1.30 (m, 100H), 1.39-1.43 (m, 8H), 
1.59 (d, J = 6.8 Hz, 6H), 1.69-1.82 (m, 12H), 2.24 (t, J = 5.6 Hz, 4H), 3.44 (m, 2H), 3.65 (br, 4H), 4.00 (m, 
12H), 4.26 (t, J = 8.4 Hz, 2H), 4.38 (br, 6H), 6.61 (t, J = 5.6 Hz, 2H), 6.92 (s, 4H), 7.24-7.33 (m, 10H), 7.39-
7.46 (m, 8H), 8.09 (d, J = 8.4 Hz, 4H), 8.11 (d, J = 8.4 Hz, 4H), 8.93 (d, J = 4.4 Hz, 4H), 8.95 (d, J = 4.4 Hz, 
4H); 13C NMR (CDCl3, 298 K), δ: 14.07, 18.30, 22.62, 22.66, 26.08, 29.13, 29.27, 29.36, 29.56, 29.66, 29.72, 
30.31, 31.84, 31.90, 38.48, 39.84, 67.22, 69.39, 73.48, 73.72, 105.59, 112.49, 112.65, 120.37, 120.72, 126.72, 
127.54, 128.58, 129.45, 131.72, 131.90, 135.27, 135.35, 135.47, 135.82, 141.15, 143.71, 150.35, 150.47, 
153.08, 158.18, 158.61, 167.42; MALDI-TOF mass (dithranol): calcd. for C154H214N6O12Zn: 2404.56; found: 
2405.28; Elemental Analysis: calcd. (%): C, 76.85; H, 8.96; N, 3.49; O, 7.98; Zn, 2.72: found: C, 76.90; H, 



 38 

9.26; N, 3.26. 
 
 
 
Żűƥƚ āüăüā÷

 
 
 
āüăüĀüĂý%/� Ă Ř/`÷

3 2 (R)-(+)-2- -1-
S3  ( : 58 %) NMR MALDI-TOF-MS

 
 
m.p. = 189-192 °C; 1H NMR (CDCl3, 298 K), δ: 0.82-0.90 (m, 18H), 1.10-1.36 (m, 100H), 1.41-1.50 (m, 8H), 
1.70-1.83 (m, 12H), 2.08 (t, J = 5.6 Hz, 4H), 3.23 (br, 4H), 3.94-4.00 (m, 12H), 4.31 (t, J = 5.2 Hz, 4H), 6.40 
(t, J = 5.3 Hz, 2H), 6.57 (s, 4H), 7.26 (s, 2H), 7.29 (d, J = 8.4 Hz, 4H), 8.17 (d, J = 8.4 Hz, 4H), 9.12 (d, J = 
4.8 Hz, 4H), 9.39 (d, J = 4.8 Hz, 4H), 10.23 (s, 2H); 13C NMR (CDCl3, 298 K), δ: 14.09, 22.64, 26.12, 28.88, 
29.30, 29.40, 29.59, 29.67, 29.74, 30.34, 31.87, 31.91, 38.19, 67.26, 69.33, 73.48, 76.69, 105.30, 106.00, 
112.64, 119.28, 128.91, 131.56, 132.27, 135.79, 141.05, 149.35, 150.29, 152.91, 158.16, 167.26; MALDI-
TOF mass (dithranol): calcd for C124H186N6O10Zn: 1984.36; found: 1985.36; Elemental Analysis: calcd. (%): 
C, 74.98; H, 9.44; N, 4.23; O, 8.06; Zn, 3.29: found: C, 74.99; H, 9.32; N, 4.26. 
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āüăüāý.©�D÷

NMR JEOL ECS-400(400 MHz) MALDI-TOF-MS

SHIMAZU AXIMA-CFR Plus station Yanako NP-500P

JASCO V-630 JASCO ETCL-761

JASCO FP-8500 JASCO ETC-815

CD JASCO J-725 AFM SII S-image, 

NanoNaviReal probe station (dynamic mode)  

 
āüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

(0.1 1.0 cm)
1 ˚C min-1  

 
 
āüăüāüāýoé�A0+ŻƕųƅƠ�D÷

(1.0 cm)
400 r.p.m.  

 

āüăüāüĂý�R,:Á�ŻƕųƅƠ�D÷

(1.0 cm)
1 ˚C min-1  
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ƨ¬÷ �@{ÜŘ�ńŖàŁŅTņãŕŖŢÔ�@ë/	Ř� ¢oé J�Ð÷

 
ĂüĀýQÎ÷
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5 ĂüĀüĀý÷ ��ä	V`ŗŃňŢ� ¢¿Në/ Āą÷
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Fujita et al.
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17,18 Fujita

 

4-7
( 3-1-2)

( 3-1-3)  
 

 
 

5 ĂüĀüāý÷ �@ Āüć Ř�@{Ü÷

 

 

5 ĂüĀüĂý÷ t¬Řz]5÷ ÷

N

NN

N

Zn

R

R

NH

O
OC12H25

OC12H25

OC12H25

O

HN

O
C12H25O

C12H25O

C12H25O

O

O Me

O
Me

O Me

O
Me

O Me

Me Me

4: R =

5: R =

6: R =

7: R =

8: R =

H

O

OMe1: R =

2: R =

3: R =

Me



 43 

Ăüāýµxŕ½F÷

 
ĂüāüĀý�@ ăüĆ ŘƇƊ¯@V`Þ¨ŘË�÷

AFM 4-7
 

 

 

 
5 ĂüāüĀý÷ øģù÷ ��Ř�'ŗ�ł�@ ą Ř¿Në/c$÷ øĤùąĘĚ Ř ČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷

İįù÷øĥù�@ ą Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċĄÿ÷µėù÷øĦù�@ ą Ř�'

Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ĄąĄ÷İįù÷øħù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ąĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĨù÷Ķģİļĵ÷

ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷
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6NP 565 nm (Q )

( 3-2-1d) 6NP isodesmic
19 2 isodesmic

6NP  
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 

 
J- 565 nm (Q )

αNP ( 3-2-1e)
isodesmic (2) ( 3-2-1)
KI van’t Hoff (3) (ΔH˚)

(ΔS˚) 308 K (ΔG˚) ( 3-2-
1f) 6NP ΔH˚= –83 kJ mol-1 ΔS˚= –178 J 
K-1mol-1 ΔG˚= –27.5 kJ mol-1  

4 5 7 J-
( 3-2-3) 6 isodesmic

( 3-2-4 3-2-5 3-2-6 3-2-2 3-2-3 3-2-4)  
4 5 6 7 3-2-5

J-
J-

 

 
 
 
 
 
 
 
 
 

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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Ã ĂüāüĀý÷ .�RŗŃňŢ ąĘĚ V`ŘPÂDj ĕē÷

 
 

(K) 
KI 

(M(1) 
333 4.6 103 
328 6.8 103 
323 1.0 104 
318 1.6 104 
313 2.6 104 
308 4.4 104 
303 7.7 104 
298 1.4 105 
293 2.7 105 

 
 
 
 
 
 
 
 

 
 

5 ĂüāüĂý÷ČĐė V��÷ øģùăĘĚ÷øĤùĄĘĚ÷øĥùĆĘĚ÷ ÷

øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷

 
 
 
  

ba c
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5 Ăüāüăý÷ øģù�@ ă Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġăĢċĄÿ÷µėù÷ øĤù�@ ă

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ăĘĚ V`Þ¨ŘƐũƂƃũƣŴ

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷

 
 
 

Ã Ăüāüāý÷ .�RŗŃňŢ ăĘĚ V`ŘPÂDj ĕē÷

 
(K) 

KI 
(M(1) 

333 5.0 103 
328 7.5 103 
323 1.1 104 
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308 4.8 104 
303 8.3 104 
298 1.5 105 
293 2.8 105 
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5 ĂüāüĄý÷ øģù�@ Ą Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĄĢċĄÿ÷µėù÷ øĤù�@ Ą

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĄĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷

 
 
 

Ã ĂüāüĂý÷ .�RŗŃňŢ ĄĘĚ V`ŘPÂDj ĕē÷
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308 4.3 104 
303 7.5 104 
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5 Ăüāüąý÷ øģù�@ Ć Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĆĢċĄÿ÷µėù÷ øĤù�@ Ć

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĆĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù

 
 
 

Ã Ăüāüăý÷ .�RŗŃňŢ ĆĘĚ V`ŘPÂDj ĕē÷

 
 

(K) 
KI 

(M(1) 
333 4.6 103 
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313 2.6 104 
308 4.2 104 
303 7.2 104 
298 1.3 105 
293 2.4 105 
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Ã ĂüāüĄý÷ ƇƊ¯@V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

4NP (82 (175 (27.7 
5NP (84 (182 (27.5 
6NP (83 (178 (27.5 
7NP (80 (171 (27.4 
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ĂüāüāýÔ�@ë/	Ř� ¢oé J�Ð÷

AFM 4, 5, 6, 7
5 6

 
 
ĂüāüāüĀý�@ ăûĄ ŗŃňŢÔ�@ë/	Řoé J�Ð÷

5 J- (5NP)
5NP

5NP
([5] = 50 µM) 308 K …  

 

 

 
5 ĂüāüĆý÷ øģùĄĘĚ ńŠ ĄĘĐ śŘV_×§Ř}S5÷ øĤùĄĘĐ Ř ČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷ İįù÷

øĥùĄĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġĄĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùoéØŗ

GōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øħùĄĘĚ Řoé J�ÐŗŃňŢÌIrŘ�R�A^÷

 
5NP 308 K ( 3-

2-7c) Soret H-
HOPG AFM
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7 b) 5NP 5NF  
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( 3-2-7d) 5NF
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5NP ( 3-2-7e) 5NP
5NF (off-pathway)20,21 1

5NP 5NF
5

3-2-8
pathway B J-

pathway A H(  
4NP 1, 5 H- (4NF)

( 3-2-9) 4, 5 1
 

 

 
5 Ăüāüćý÷ �@ ăû÷Ą ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 

 
 

5 ĂüāüĈý÷øģù�@ ă Ř0+ŻƕųƅƠ÷ øĤùoéØŗGōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øĥùăĘĚ Řoé J�ÐŗŃň

ŢÌIrŘ�R�A^÷

÷
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ĂüāüāüāýƇƊƐŧŪƌƥV`Þ¨Ř� B¢Ë�÷

4, 5
…

 
 

 
 
5 ĂüāüĀÿý÷øģû÷ĤùĄĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĄĢċăÿ÷µėù÷øĥù÷ĄĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷

 
3-2-10a, b 5NF 300 K H-

J-
( 3-2-10a, b) 5NF

5NP  
400 nm J-

(Te) ( 3-2-10c)
cooperative 22 3 cooperative

5NF  
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
 

−ln +'()( =? = ln -B  (5) 
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ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
5NF (Te) (4)

( 3-2-10c) 5NF KE (5)
( 3-2-6) van’t Hoff (6) 5NF

(ΔH˚) (ΔS˚) 308 K (ΔG˚)
( 3-2-10d) 5NF ΔH˚= –127 kJ mol-

1 ΔS˚= –306 J K-1mol-1 ΔG˚= –33.2 kJ mol-1  
4 5 4NF

( 3-2-11 3-2-7) 3-2-9 4, 5
 

 
 

Ã Ăüāüąý÷ �R ĝħŗŃňŢ�@ Ą ŘƜƊƘƥ�Rŕ ĄĘĐ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
323 23.3 4.3 104 
321 18.1 5.5 104 
319 13.0 7.7 104 
315 7.08 1.4 105 
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5 ĂüāüĀāý÷ øģû÷Ĥù÷ăĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġăĢċăÿ÷µėù÷øĥù÷ăĘĐ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù 

 
 

Ã ĂüāüĆý÷ �R ĝħŗŃňŢ�@ ă ŘƜƊƘƥ�Rŕ ăĘĐ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
326 24.7 4.1 104 
324 19.2 5.2 104 
322 13.7 7.3 104 
318 7.43 1.3 105 

 
 

Ã Ăüāüćý÷ ƇƊƐŧŪƌƥV`ŗŃňŢ� Bƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
4NF (131 (313 (34.4 
5NF (127 (306 (33.2 
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ĂüāüāüĂý�@ ąû÷Ć ńŠŖŢƇƊ¯@Řoé J�Ð÷

4, 5 AFM
6, 7  
 

 

 
5 ĂüāüĀāý÷øģùąĘĚ ńŠ ąĘĜ śŘV_×§Ř}S5÷ øĤùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĢċĄÿ÷

µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥù�@ ą Ř ĴĪıĳĵüĴĮīĲĲīİĩ÷Ĕü�/	ƇƊŹƥƅøąĘĜùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĦùƇƊŹƥƅŘôŊŘË�÷

 
6NP 308 K 1, 4, 5

( 3-2-12b)
HOPG AFM

 (6NS) 
( 3-2-12c)  
 

 
5 ĂüāüĀĂý÷ąĘĜ Ř ČĐė V��øģùĒęĚđ 7v÷ øĤùįīĥģ 7v÷ øĥùĜī ūŬƋƥ÷ ÷

øŻŵƥƠƌƥƭāÿÿ÷İįù÷
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5 ĂüāüĀăý÷ąĘĜ Ř���ơƥŸƥò[æŗşŢÆFƭ#Ó�çλħĸ÷ċ÷ĄăĂ÷İįĿƜƈƀƥ�çλįıİīý÷ċ÷ĄĈÿ÷Ļ÷ąāÿ÷İį÷øġąĢ÷

ċ÷Ąÿ÷µėĿŻŵƥƠƌƥĉ÷Ā÷µįù÷øģû÷Ĥû÷ĥ ř�ŖŢ�¼ŔŘÆFµxù÷

 
4.2 nm (Ra) 3 Å

( 3-2-12d) HOPG
 ( 3-2-13)

6NS AFM
( 3-2-14) (6NS)

6NP  
 

 
5 ĂüāüĀĄý÷øģùÒ;0+ŻƕųƅƠĉ÷øĤùąĘĜ Ř®s ğ¹4a÷ øĥùĜĲģĳĵģİ ŗşŢ�@ ą ŘƜƄƟƣŴ÷

 
6NS (394 nm) (444 nm)

2 ( 3-2-12b) Soret
short-slipping J- 23,24

6NS J- (6NP) H-
(5NF) 6NS 6NP 5NF

( 3-2-15a υC=O: 1645 cm−1 (6NP), 1633 cm−1 (6NS), and 1627 cm−1 (5NF)) X
Zn-Zn 4.5 Å 6

( 3-2-15b, c)
2

van der Waals 8
van der Waals

 (3-2-16)
3-2-17 x π-π

y van der Waals 2

a b c

%
T

 (a
rb

. u
ni

t)

Wavenumber (cm-1)
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6NP
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a
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In
te
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2θ
500 3010 20 40

b c
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5 ĂüāüĀąý÷ �@ ć Ř¿Në/c$÷ øģù�@ ć Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ ĕ÷

įīİüĀĿġćĢċĄÿ÷µėù÷øĤù�@ ć Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷Ąąā÷İįù÷øĥùƇƊ¯@øćĘĚùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĦùćĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġćĢċĄÿ÷µėĿ�Rĉ÷āĈĂ÷ĕĿgb

ÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øħùoéØŗGōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øĨùƇƊƐŧŪƌƥøćĘĐùŘ ČĐė V��øĒęĚđ 7vĿŻ

ŵƥƠƌƥĉ÷āÿÿ÷İįù÷

 
 
 
 

 
 

5 ĂüāüĀĆý÷ā ��ƇƊŹƥƅŗŃňŢƗƠƐũƟƣÌI	Řëª|SŘ}S5ý÷
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ĂüāüāüăýƇƊŹƥƅV`ŘƛůƈżƚŘÇn÷

 
 

 
 
5 ĂüāüĀćý÷ øģùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġąĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ ĳýĲýįýù÷

øĤùoéØŗGōŢ0�R:%øλ ċ÷ĄćĄ÷İįù÷øĥùąĘĚ Řoé J�ÐŗŃňŢÌIrŘ�R�A^÷
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5 ĂüāüĀĈý÷ �@ ąû÷Ć ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù 
 
 

 
 

5 Ăüāüāÿý÷ øģùĆĘĚ ńŠ ĆĘĜ śŘV_×§Ř}S5÷ øĤù�@ Ć Ř ĴĪıĳĵüĴĮīĲĲīİĩ÷ Ĕü�/	ƇƊŹƥƅøĆĘĜùŘ ČĐė

V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷ İįù÷ øĥùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġĆĢċĄÿ÷µėĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùoéØŗGōŢ0�R:%øλ ċ÷ĄćĄ÷İįù÷øħùĆĘĚ Řoé J�ÐŗŃňŢÌ

IrŘ�R�A^÷
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ĂüāüāüĄýƇƊŹƥƅV`Þ¨Ř� B¢Ë�÷

6, 7
…  

 
 

5 ĂüāüāĀý÷øģû÷ĤùąĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċĄā÷µėù÷øĥùąĘĜ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăă÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
3-2-21a, b 6NS 303 K short-slipping 

J- J-
( 3-2-21a, b) 444 nm

(Te) ( 3-2-21c) -
2 cooperative 22

6NS ′ cooperative
2 25-27

(5NF) cooperative 6NS  
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
 

−ln +'()( =? = ln -B  (5) 
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ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

(Te)
(4) ( 3-2-21c)

KE (5) ( 3-2-9) van’t Hoff (6)
(ΔH˚) (ΔS˚) 308 K

(ΔG˚) ( 3-2-21d) 6NS
ΔH˚= –131 kJ mol-1 ΔS˚= –324 J K-1mol-1 ΔG˚= –31.4 kJ mol-1  

7 (7NS) ( 3-2-22
3-2-10) 3-2-11 6, 7  
 
 

Ã ĂüāüĈý÷ ¾��RøĝħùŗŃňŢ�@ ą ŘƜƊƘƥ�Rŕ ąĘĜ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
317 20.2 4.9 104 
314 12.3 8.1 104 
312 9.14 1.1 105 
308 4.69 2.1 105 

 
 

 
 

5 Ăüāüāāý÷øģû÷ĤùĆĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĆĢċăą÷µėù÷øĥùĆĘĜ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăĂ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĆù
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Ã ĂüāüĀÿý÷ ¾��RøĝħùŗŃňŢ�@ Ć ŘƜƊƘƥ�Rŕ ĆĘĜ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
318 20.2 5.0 104 

316.5 17.0 5.9 104 
314 10.4 9.6 104 
310 5.07 2.0 105 

 
 
 
 

Ã ĂüāüĀĀýƇƊŹƥƅV`ŗŃňŢ� B¢ƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
6NS (131 (324 (31.4 
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ĂüăüĀüāý%/� ă Ř/`÷

S4(21.4 mg, 9.85 µmol) 1 (3 µL, 32.8 µmol) (11.3 mg, 
43.1 µmol) THF (0.25 mL) 0 ˚C
(40 % 1.9 M) (16 µL, 30.4 µmol) 40 ˚C

( : =19:1)
4 (19.4 mg : 86 %) NMR MALDI-

TOF-MS  
 
m.p. = 184-186 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.08-1.28 (102H, m, CH3-CH2-CH2-
CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.63-1.83 (16H, 
m, CH3-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.94-2.01 (4H, m, CH3-CH2-CH2-CH2-O-), 2.26-
2.29 (4H, m, -NH-CH2-CH2-CH2-O-), 3.78-3.83 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.05 (12H, m, CH3-
(CH2)8-CH2-CH2-CH2-O-), 4.21-4.28 (4H, m, CH3-CH2-CH2-CH2-O-), 4.39-4.42 (4H, m, -NH-CH2-CH2-CH2-
O-), 6.65 (2H, t, J = 4.8 Hz, -NH-CH2-CH2-CH2-O-), 6.98 (4H, s, C6H2), 7.25-7.29 (8H, m, C6H4), 8.09 (4H, 
d, J = 8.4 Hz, C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.93 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 
Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.01, 14.08, 19.45, 22.63, 22.67, 26.09, 29.16, 29.27, 29.37, 
29.39, 29.56, 29.59, 29.66, 29.72, 30.32, 31.61, 31.84, 31.91, 39.56, 67.27, 67.98, 69.42, 105.64, 112.52, 
112.54, 120.40, 120.89, 129.55, 131.73, 131.96, 135.02, 135.38, 135.48, 135.82, 141.18, 150.38, 150.53, 
153.12, 158.20, 158.82, 167.45.; MALDI-TOF mass (dithranol): calcd. for C144H210N6O12Zn: 2280.53; found: 
2280.85.; Elemental Analysis: calcd. for C144H210N6O12Zn (%): C, 75.77; H, 9.27; N, 3.68; O, 8.41; Zn, 2.86 : 
found: C, 75.76; H, 9.32; N, 3.76. 
 
 
ĂüăüĀüĂý%/� Ą Ř/`÷

5 4 1- 1-
 ( : 84 %) NMR MALDI-TOF-MS

 
 
m.p. = 185-187 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 1.02-1.05 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-O-), 1.13-1.28 (100H, m, CH3-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.40-1.49 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.57-1.66 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 1.69-
1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.96-2.03 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 2.29-2.32 (4H, 
m, -NH-CH2-CH2-CH2-O-), 3.76-3.80 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.06 (12H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-), 4.24-4.27 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 4.41-4.44 (4H, m, -NH-CH2-CH2-CH2-O-), 
6.68 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 7.03 (4H, s, C6H2), 7.26-7.30 (8H, m, C6H4), 8.10 (4H, d, J = 
8.4 Hz, C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.98 (4H, d, J = 4.8 Hz, β-
pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.07, 14.12, 22.62, 22.66, 26.09, 28.42, 29.15, 29.27, 29.37, 29.39, 
29.57, 29.66, 29.72, 30.32, 31.85, 31.91, 38.51, 67.26, 68.29, 69.42, 73.49, 105.64, 112.52, 112.55, 120.38, 
120.87, 129.49, 131.72, 131.94, 135.05, 135.39, 135.49, 141.20, 150.37, 150.53, 153.11, 158.20, 158.81, 
167.42.; MALDI-TOF mass (dithranol): calcd. for C146H214N6O12Zn: 2308.56; found: 2308.68.; Elemental 
Analysis: calcd. for C146H214N6O12Zn(CHCl3)0.25 (%): C, 75.05; H, 9.23; N, 3.59; O, 8.20; Zn, 2.79: found: C, 
74.93; H, 9.17; N, 3.64. 
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6 4 1- 1-
 ( : 92 %) NMR MALDI-TOF-MS

 
 
m.p. = 182-184 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 0.97-1.01 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-CH2-O-), 1.12-1.28 (100H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.40-1.50 (16H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.62-1.66 
(4H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.96-2.03 (4H, 
m, CH3-CH2-CH2-CH2-CH2-CH2-O-), 2.28-2.33 (4H, m, -NH-CH2-CH2-CH2-O-), 3.78 – 3.83 (4H, m, -NH-
CH2-CH2-CH2-O-), 3.97-4.07 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.24-4.28 (4H, m, CH3-CH2-CH2-
CH2-CH2-CH2-O-), 4.42-4.45 (4H, m, -NH-CH2-CH2-CH2-O-), 6.70 (2H, t, J = 5.6 Hz, -NH-CH2-CH2-CH2-
O-), 7.04 (4H, s, C6H2), 7.26 -7.30 (8H, m, C6H4), 8.10 (4H, d, J = 8 Hz, C6H4), 8.12 (4H, d, J = 8 Hz, C6H4), 
8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.98 (4H, d, J = 4.8 Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.08, 
14.12, 22.62, 22.66, 22.70, 25.93, 26.08, 29.17, 29.27, 29.36, 29.55, 29.58, 29.65, 29.71, 30.31, 31.74, 31.83, 
31.90, 38.62, 67.29, 68.30, 69.41, 73.50, 105.66, 112.51, 112.54, 120.42, 120.92, 129.65, 131.73, 131.98, 
134.95, 135.37, 135.46, 135.76, 141.16, 150.37, 150.53, 153.14, 158.20, 158.82, 167.47.; MALDI-TOF mass 
(dithranol): calcd. for C148H218N6O12Zn: 2336.60; found: 2336.28.; Elemental Analysis: calcd. for 
C148H218N6O12Zn(CHCl3)0.25 (%): C, 75.18; H, 9.29; N, 3.55; O, 8.11; Zn, 2.76: found: C, 74.93; H, 9.16; N, 
3.48. 
 
 
ĂüăüĀüĄý%/� Ć Ř/`÷

7 4 1- 1-
 ( : 75 %) NMR MALDI-TOF-MS

 
 
m.p. = 181-183 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 0.94-0.98 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-CH2-CH2-O-), 1.12-1.28 (104H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.38-1.51 (16H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-
O-), 1.59-1.67 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.95-2.02 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 2.28-2.31 (4H, m, -NH-CH2-CH2-CH2-
O-), 3.73-3.78 (4H, m, -NH-CH2-CH2-CH2-O-),  3.97-4.06 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-),  4.24-
4.27 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 4.40-4.43 (4H, m, -NH-CH2-CH2-CH2-O-), 6.67 (2H, t, 
J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 7.01 (4H, s, C6H2), 7.26-7.30 (8H, m, C6H4), 8.10 (4H, d, J = 8.4 Hz, 
C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 Hz, β-pyrrole).; 
13C NMR (CDCl3, 298 K), δ 14.08, 14.15, 22.62, 22.66, 26.08, 26.22, 29.15, 29.22, 29.27, 29.36, 29.55, 29.65, 
29.71, 30.31, 31.84, 31.88, 38.59, 67.27, 68.30, 69.41, 73.49, 105.63, 112.51, 112.54, 120.40, 120.89, 129.58, 
131.72, 131.96, 134.99, 135.37, 135.47, 135.79, 141.15, 150.36, 150.52, 153.12, 158.19, 158.81, 167.45.; 
MALDI-TOF mass (dithranol): calcd. for C150H222N6O12Zn: 2364.63; found: 2365.16.; Elemental Analysis: 
calcd. for C150H222N6O12Zn(CHCl3)0.4 (%): C, 74.81; H, 9.28; N, 3.48; O, 7.95; Zn, 2.71: found: C, 74.7; H, 
9.33; N, 3.48. 
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8 4 1- 3,7- -1-
 ( : 54 %) NMR MALDI-TOF-MS

 
 
m.p. = 159-161 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.94 (30H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-
CH2-O-, CH3-), 1.07-1.30 (110H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-
CH2-CH2-O-), 1.37-1.47 (16H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.57-1.86 (18H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-
O-), 2.00-2.06 (2H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-), 2.26-2.28 (4H, m, -NH-CH2-CH2-
CH2-O-), 3.67-3.71 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.04 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
4.25-4.34 (4H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-), 4.39-4.41 (4H, m, -NH-CH2-CH2-CH2-
O-), 6.64 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 6.97 (4H, s, C6H2),  7.26-7.29 (8H, m, C6H4), 8.10 (4H, 
d, J = 8 Hz, C6H4), 8.12 (4H, d, J = 8 Hz, C6H4), 8.93 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 
Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.07, 19.83, 22.62, 22.66, 22.77, 24.76, 26.09, 28.04, 29.17, 
29.27, 29.37, 29.39, 29.56, 29.59, 29.66, 29.70, 30.03, 30.84, 31.91, 36.48, 37.45, 38.54, 39.32, 66.64, 67.27, 
69.43, 73.50, 105.66, 112.52, 112.56, 120.39, 120.88, 129.53, 131.72, 131.95, 135.04, 135.39, 135.49, 135.84, 
141.20, 150.37, 150.53, 153.11, 158.20, 158.81, 167.45.; MALDI-TOF mass (dithranol): calcd. for 
C156H234N6O12Zn: 2448.72; found: 2448.75.; Elemental Analysis: calcd. for C156H234N6O12Zn(CHCl3)0.25 (%): 
C, 75.65; H, 9.52; N, 3.39; O, 7.74; Zn, 2.64: found: C, 75.64; H, 9.4; N, 3.43. 
 

 
5 ĂüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ Ĝăû÷ăû÷Ąû÷ąû÷Ćû÷ć Ř

ĀĒ÷Ęėě ŻƕųƅƠý÷

÷

ppm
0.5

S4

4

5

6

7

8

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5



 69 

 

5 Ăüăüāý÷čĎčĮĂ�ŗŃňŢ�@ Ĝăû÷ăû÷Ąû÷ąû÷Ćû÷ć Ř
ĀĂč÷Ęėě ŻƕųƅƠ÷

÷

 
Ăüăüāý.©�D÷

NMR JEOL ECS-400(400 MHz) MALDI-TOF-MS
SHIMAZU AXIMA-CFR Plus station Yanako NP-500P

JASCO V-630 JASCO ETCL-761
AFM Bruker model MaltiMode 8(Scan Assist mode)

Leica TCS SP5 system  
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1 ˚C min-1  
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Ʃ¬÷ ā ��Ô�@ë/	V`Řoé J�Ðƭ�@{ÜŘM�Ņ)ŜōÛRÎ¢ŖWð÷

 
ăüĀýQÎ÷
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5 ăüĀüĀý÷ t¥«Řz]5÷
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ăüāýµxŕ½F÷

 
ăüāüĀý�CD�_ŘÔ�@ë/	ĉ÷Ĕü�/	÷

AFM 61, 62, 63

 
 

 

5 ăüāüĀý÷øģù��Ř�'ŗ�ł�@ ąĀû÷ąāû÷ąĂŘ¿Në/c$÷ øĤù�@ ąĂŘ�'Þ¨ŗŃňŢ�R,:0+Żƕų

ƅƠ:%ø�'ÛRĉ÷ Ā÷ ĕ÷įīİüĀĿġąĂĢċĄÿ÷µėù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ąĂĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅ÷

 

 
5 ăüāüāý÷ČĐė V��÷ øģùąĀĘĚ÷øĤùąāĘĚ÷øĥùąĂĘĚ÷ ÷

øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷Ăÿÿ÷İįù÷
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J- ( 4-2-1 b)29 J-
HOPG AFM J- 4 nm

 (63NP) ( 4-2-2c) 61, 62 J- AFM
( 4-2-2)  

Ab
so

rb
an

ce

0

1.5

2.5

0.5

Wavelength (nm)
650350 550450

283 K

373 K
2.0

b

600500400
x 20

1.0

a

J-aggregate
(Nanoparticle)

Monomer

Cooling

Heating

ln
K I

8

12

10

10-3x1 / T  (K-1)
3.52.9 3.23.0

9

13

11

14

3.33.1 3.4

63

62

61

d

D
eg

re
e 

of
 J

-a
gg

re
ga

tio
n 

of
 6
3

0

0.4

0.8

0.2

0.6

1.0

10-6 10-5 10-4

Concentration (M)
10-3

293 K

333 K

5 K
interval

c

a b c



 74 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 

 2 3 isodesmic
30-32 J- 565 nm (Q )

αNP

( 4-2-1c) isodesmic (2)
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( 4-2-1d)  
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5 ăüāüĂý÷øģù�@ ąāŘ�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİ

üĀĿġąāĢċĄÿ÷µėù÷øĤù�@ ąā

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ąāĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĆù÷
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Ã ăüāüĀý÷ .�RŗŃňŢ ąāĘĚ V`ŘPÂDj ĕē÷

 
 

(K) 
KI 

(M(1) 
333 4.5 103 
328 7.0 103 
323 1.1 104 
318 1.7 104 
313 2.9 104 
308 5.1 104 
303 9.4 104 
298 1.9 105 
293 3.8 105 

 
 
 
 
 
 

 
 

5 ăüāüăýøģù�@ ąĂŘ�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąĂĢċĄÿ÷µėù÷øĤù�@ ąĂ

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ąĂĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷
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Ã ăüāüāý÷ .�RŗŃňŢ ąĂĘĚ V`ŘPÂDj ĕē÷

 
(K) 

KI 
(M(1) 

333 5.4 103 
328 8.3 103 
323 1.3 104 
318 2.2 104 
313 3.9 104 
308 7.2 104 
303 1.3 105 
298 2.3 105 
293 4.1 105 

 
 
 

Ã ăüāüĂý÷ ƇƊ¯@V`ŗŃňŢ� Bƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
61NP (83 (178 (27.5 
62NP (89 (199 (28.0 
63NP (89 (198 (28.6 
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ăüāüāýÔ�@ë/	Řoé J�Ðĉ÷Ĕü�/	ńŠ ĴĪıĳĵüĴĮīĲĲīİĩ÷Ĕü�/	śŘV_×§÷

3 61 J- short-slipping J-
62, 63

 

 

5 ăüāüĄýøģùoé J�ÐŘ}S5÷ øĤùąĂĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĂĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷

ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄćĄ÷İįù÷
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177 ) > 62 (41 ) > 63 (9 ) short-slipping J-
 

 
5 ăüāüąý÷ øģùąĀĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġąĀĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ ĳýĲýįýù÷

øĤùoéØŗGōŢ0�R:%øλ ċ÷ĄćĄ÷İįù÷
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5 ăüāüĆý÷ øģùąāĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġąāĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ ĳýĲýįýù÷

øĤùoéØŗGōŢ0�R:%øλ÷ċ÷ĄćĄ÷İįù÷

 
 
 

 

5 ăüāüćý÷ ŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

÷
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ăüāüĂýƇƊŹƥƅŘîªŘË�÷

AFM short-slipping J-  
 

 
5 ăüāüĈý÷øģüĥùČĐė V��øģùąĀĘĜ÷øĤùąāĘĜ÷øĥùąĂĘĜ÷øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷Ăÿÿ÷İįù÷øĦüĨù���ơƥŸƥò[

æŗşŢÆF÷ øĦùąĀĘĜ÷øħùąāĘĜ÷øĨùąĂĘĜƭ#Ó�çλħĸ÷ċ÷ĄăĂ÷İįĿƜƈƀƥ�çλįıİīý÷ċ÷ĄĈÿ÷Ļ÷ąāÿ÷İį÷øġąİĢ÷ċ÷Ąÿ÷µėĿŻ

ŵƥƠƌƥĉ÷Ăÿÿ÷İįù÷

 
61, 62, 63 short-slipping J- HOPG

AFM ( 4-2-9 a-c) short-
slipping J-
AFM ( 4-2-9 d-f)
61, 62, 63  
 

 
 

5 ăüāüĀÿýƇƊŹƥƅŘîª�OŗêōŢ²ªRj5ĉ÷ąĀĘĜ÷øƑƢƣżû÷āĀ �ùû÷ąāĘĜ÷øõ·û÷Ăÿ �ùû÷ąĂĘĜ÷øŮơƣźû÷

ĂĄ �ù÷
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E) =
FGEG

)
GH4

FG
)
GH4

 

EI =
FGEG

6)
GH4

FGEG
)
GH4

 

JKL = EI/E) 

 

 
Ai 4-2-4

61NS > 62NS > 63NS 

 
 

 
Ã ăüāüăý÷ ƇƊŹƥƅŘîª÷

 
 6 (An) 

(nm2) 
6 (Aw) 

(nm2) 
 

(PDI) 
61NS 220000 360000 1.7 
62NS 29000 64000 2.2 
63NS 9700 18000 1.9 
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ăüāüăý� BƮÛRÎƮĉ÷ƇƊŹƥƅŘîªŗ)ŜōWð÷

 
 
ăüāüăüĀýƇƊŹƥƅŘ� B¢CD^ŘË�÷

61, 62, 63
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5 ăüāüĀĀý÷ øģüĤù�@ ąĂŘ�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąĂĢċĄÿ÷µėù÷øĥù"

�Þ¨ŗŃňŢ ĴĪıĳĵüĴĮīĲĲīİĩ÷Ĕü�/	Ř�/RŘ:%÷ øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅ 
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62, 63) ( 61)
 

 
 

+'()( =? =
2+/-. =? + 1 − [4+/-. =? +1]

4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
Ã ăüāüĄý÷ ƇƊŹƥƅV`ŗŃňŢ� B¢ƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
KE at 308 K 

(M(1) 
61NS  (131 (324 2.1 105 
62NS -132 -320 5.1 105 
63NS (130 (303 1.6 106 

 
 

 
 

5 ăüāüĀāý÷øģû÷ĤùąāĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąāĢċĄÿ÷µėù÷øĥùąāĘĜ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăĂ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈąù 
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Ã ăüāüąý÷ ¾��RøĝħùŗŃňŢ�@ ąāŘƜƊƘƥ�Rŕ ąāĘĜ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
325 27.6 3.6×104 
324 24.9 4.0×104 
322 18.7 5.4×104 
319 12.6 7.9×104 
316 7.44 1.3×105 

311.5 3.32 3.0×105 
 

 
 

5 ăüāüĀĂý÷øģû÷ĤùąĂĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąĂĢċĄÿ÷µėù÷øĥùąĂĘĜ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăă÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù 

 
 

Ã ăüāüĆý÷ ¾��RøĝħùŗŃňŢ�@ ąĂŘƜƊƘƥ�Rŕ ąĂĘĜ V`ŘPÂDj ĕď÷

÷
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320 3.93 2.5×105 

Ab
so

rb
an

ce
 a

t 4
44

 n
m

0

1.2

1.6

0.4

Temperature (K)
338328323

50 µM
43 µM
28 µM
18 µM

Ab
so

rb
an

ce

0

0.8

1.6

0.4

Wavelength (nm)
500350 450400

338 K

313 K

2.0

1.2
ln

[1
/c

M
on

o(T
c)]

10

12

11

1 / T c (K-1)
0.003150.00295 0.003050.003

10.5

12.5

11.5

13
c

b

d

a

0.8

0.0031
9.5

9.1 µM
4.6 µM

333313 318 343

Te
m

pe
ra

tu
re

 (K
)

343

313

333

323

Wavelength (nm)
460350 420380 500

A
bsorbance

1.7

0

335 K

Monomer

Nano
particle

Nano
sheet



 84 

ăüāüăüāýƇƊŹƥƅŘ� B¢CD^ŕîªŘ£ê÷

4-2-8

4-2-8
31

isodesmic cooperative
( ) 61, 62, 

63

 
 

Ã ăüāüćý÷ ƇƊŹƥƅV`ŘPÂDjŕjP6îª÷

÷

 KE at 308 K 
(M(1) 

6 (An) 
(nm2) 

61NS  2.1 105 220000 
62NS 5.1 105 29000 
63NS 1.6 106 9700 
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ăüāüăüĂý÷ā÷ĴĵħĲ÷ĐīİĭħüĞģĵĺĭĹ ƜƄƠťŞŐŁŏƇƊŹƥƅV`Þ¨ŘÛRÎÇw÷

61, 62, 63

2step Finke-
Watzky (F-W ) 38  

F-W R.G. Finke M. A. 
Watzky 38 ′ F-W

39 F-W ( :k1)
( :k2)

39  
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A  

 

 
−Q[E]

QR
= S4 E + S6 E [O]  

 
F-W (7)  

 

 [E]T =

S4
S6
+ [E]U

1 +
S4

S6[E]U
exp S4 + S6[E]U R

 (7) 

 
[A]t t A  

 
 

 
5 ăüāüĀăý÷ĐüĞ ƜƄƠŗşŢƇƊŹƥƅV`ŗŃňŢoé J�ÐŘÛRÎÇw÷

øġąĀĢ÷ċ÷ġąāĢ÷ċ÷ġąĂĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷
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Ã ăüāüĈý÷ĐüĞ ƜƄƠŗşŢÇwµxŕƇƊŹƥƅŘjP6îª÷

 
 k1 

(min(1) 
k2 

(M-1 min-1) 
6 (An) 
(nm2) 

61NS  1.3 10-8 1.8 103 220000 
62NS 1.5 10-7 7.1 103 29000 
63NS 7.2 10-4 1.4 104 9700 

 
 

61, 62, 63 (7)
4-2-14 4-2-9 4-2-9 k2

k1

 
k1

k1 63

k1 61

k1 k1

63 61, 62

J-
([J aggregate]/[nucleus]) 27

63 AFM
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ăüĂýµÎ÷

2
 

(-CH2-CH3, -CH=CH2, -C≡CH)
F-W

 
′ ˚ Kawai Nakashima

˚
40

˚ ˚

 
 

 
5 ăüĂüĀý÷ t¬Řz]5÷
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ăüăýEó÷

÷

ăüăüĀýƗƠƐũƟƣÌI	øąāû÷ąĂùŘ/`÷

4-4-1
S641  

 
Żűƥƚ ăüăüĀ÷

 
ăüăüĀüĀý%/� ĜĆ Ř/`÷

S6(836 mg, 4.10 mmol) (600 mg, 4.10 mmol) (1000 mL)
3 (70 L, 0.41 mmol)

18 2,3- -5.6- -1.4- (DDQ) 
(1.40 g, 6.17 mmol) (50 mL) 1

(3 mL) (
) (418 mL)

(II) (1.43 g, 7.80 mmol) (64 mL)
3

( )
S7 (445 mg, : 30 %)

NMR MALDI-TOF-MS  
 

N

NN

N
Zn

NH

O
OC12H25

OC12H25

OC12H25

O

HN

O
C12H25O

C12H25O

C12H25O

O

O

O

NH

O
OC12H25

OC12H25

OC12H25

OB
O

O

S2

62

 Pd(PPh3)4, Na2CO3

 DMF, EtOH, H2O

N

NN

N
Zn

O

O

S8

CHCl3, Pyridine
Br Br

CHO

O
N

NN

N
Zn

O

O

S6

NBS

2) Zn(OAc)2·2H2O
CHCl3, MeOH

1) 2,2'-dipyrromethane
TFA, DDQ, DCM

S7
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1H NMR (CDCl3, 298 K) δ 1.74-1.82 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.00-2.06 (4H, m, CH2=CH-
CH2-CH2-CH2-CH2-O-), 2.26-2.31 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 4.30 (4H, t, J = 6.4 Hz, 
CH2=CH-CH2-CH2-CH2-CH2-O-), 5.06-5.09 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.06-5.17 (2H, m, 
CH2=CH-CH2-CH2-CH2-CH2-O-), 5.91-6.01 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 7.31 (4H, d, J = 8 Hz, 
C6H4), 8.15 (4H, d, J = 8 Hz, C6H4), 9.17 (4H, d, J = 4 Hz, β-pyrrole), 9.42 (4H, d, J = 4 Hz, β-pyrrole), 10.29 
(2H, s, meso-H).; 13C NMR (CDCl3, 298 K), δ 25.54, 28.97, 33.59, 68.12, 106.14, 112.73, 114.86, 119.89, 
131.61, 132.55, 134.81, 135.6, 138.65, 149.40, 150.49, 158.82.; MALDI-TOF mass (dithranol): calcd. for 
C44H40N4O2Zn: 720.24; found: 720.46. 
 
 
ăüăüĀüāý%/� Ĝć Ř/`÷

S7(425 mg, 0.588 mmol) (134 mL) (0.6 mL)
0 ˚C N- (NBS)(212 mg, 1.19 mmol) 1.5 

30 
( : =400:1)

S8 (462 mg, : 89 %) NMR
MALDI-TOF-MS  
 
1H NMR (CDCl3/DMSO-d6, 1:1, 298 K) δ 1.72-1.80 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 1.97-2.02 
(4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.25-2.28 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 4.30 (4H, t, 
J = 6.4 Hz, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.05-5.07 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.12-5.16 
(2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.89-5.5.98 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 7.32 (4H, 
d, J = 8.4 Hz, C6H4), 8.04 (4H, d, J = 8.4 Hz, C6H4), 8.88 (4H, d, J = 4.4 Hz, β-pyrrole), 9.62 (4H, d, J = 4.4 
Hz, β-pyrrole).; 13C NMR (CDCl3/DMSO-d6, 1:1, 298 K), δ 24.17, 27.58, 32.23, 66.75, 103.15, 111.42, 
113.72, 120.54, 131.53, 132.22, 133.21, 134.26, 137.33, 148.44, 149.70, 157.54.; MALDI-TOF mass 
(dithranol): calcd. for C44H38N4O2ZnBr2: 878.06; found: 878.30. 
 
 
ăüăüĀüĂý%/� ąāŘ/`÷

S8(100 mg, 0.114 mmol) S2(222 mg, 0.238 mmol) (57.3 mg, 0.541 mmol)
N,N- (25 mL) (2.5 mL) (2.5 mL)

( ) (0) (16.1 mg, 0.014 mmol) 75 ˚C 24

(
) (Bio-Beads SX-1, )

62 (157 mg, : 60 %) NMR MALDI-TOF-
MS  
 
m.p. = 179-181 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.71-1.81 (16H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-, CH2=CH-CH2-CH2-CH2-CH2-O-), 1.97-2.04 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.23-
2.29 (8H, m, CH2=CH-CH2-CH2-CH2-CH2-O-, -NH-CH2-CH2-CH2-O-), 3.64-3.68 (4H, m, -NH-CH2-CH2-
CH2-O-), 3.96-4.03 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.25-4.28 (4H, m, -NH-CH2-CH2-CH2-O-), 
4.38-4.40 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.04-5.06 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 
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5.11-5.15 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.88-5.98 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 
6.62 (2H, t, J = 5.6 Hz, -NH-CH2-CH2-CH2-O-), 6.92 (4H, s, C6H2), 7.24-7.28 (8H, m, C6H4), 8.09-8.13 (8H, 
m, C6H4), 8.93 (4H, d, J = 4.4 Hz, β-pyrrole), 8.97 (4H, d, J = 4.4 Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), 
δ 14.08, 22.62, 22.66, 25.52, 26.08, 28.97, 29.14, 29.27, 29.37, 29.56, 29.59, 29.66, 29.72, 30.32, 31.84, 31.90, 
33.57, 38.50, 67.25, 68.06, 69.41, 73.49, 105.61, 112.51, 112.54, 114.84, 120.38, 120.83, 129.47, 131.72, 
131.93, 135.10, 135.39, 135.49, 135.84, 138.59, 141.17, 150.37, 150.51, 153.10, 158.19, 158.74, 167.41.; 
MALDI-TOF mass (dithranol): calcd. for C148H214N6O12Zn: 2332.56; found: 2332.79. 
 
 

 
5 ăüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ ąāŘøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ÷

 
  

a

ppm
02 135 468 710 9

b

ppm
020 103050 406080 70100 90120 110130150 140160180 170
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Żűƥƚ ăüăüā÷

 

 
ăüăüĀüăý�@ ąĂŘ/`÷

S4(100 mg, 46.1 µmol) 5- -1- (13 µL, 146 µmol)
(31.2 mg, 119 µmol) THF (0.52 mL) 0 ˚C

(40 % 1.9 M) (64 µL, 122 µmol) 40 ˚C

( :
=15:1) 63 (100 mg : 93 %) NMR

MALDI-TOF-MS  
 
m.p. = 176-178 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.82 (12H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-), 1.87-1.95 (4H, m, CH≡C-CH2-CH2-CH2-CH2-O-), 2.04-2.05 (2H, m, CH≡C-CH2-CH2-CH2-
CH2-O-), 2.09-2.16 (4H, m, -NH-CH2-CH2-CH2-O-), 2.24-2.27 (4H, m, -NH-CH2-CH2-CH2-O-), 2.39-2.44 
(4H, m, CH≡C-CH2-CH2-CH2-CH2-O-), 3.66-3.69 (4H, m, -NH-CH2-CH2-CH2-O-),  3.97-4.04 (12H, m, 
CH3-(CH2)8-CH2-CH2-CH2-O-), 4.28-4.31 (4H, m, -NH-CH2-CH2-CH2-O-), 4.38-4.41 (4H, m, CH≡C-CH2-
CH2-CH2-CH2-O-), 6.63 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 6.94 (4H, s, C6H2), 7.27-7.29 (8H, m, 
C6H4), 8.09-8.13 (8H, m, C6H4), 8.94 (4H, d, J = 4.4 Hz, β-pyrrole), 8.97 (4H, d, J = 4.4 Hz, β-pyrrole); 13C 
NMR (CDCl3, 298 K), δ 14.08, 18.31, 22.62, 22.66, 25.24, 26.08, 28.53, 29.16, 29.27, 29.37, 29.56, 29.59, 
29.66, 29.72, 30.32, 31.84, 31.90, 38.52, 67.25, 67.55, 68.73, 69.41, 73.49, 84.15, 105.63, 112.53, 120.41, 

N

NN

N
Zn

NH
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OC12H25

OC12H25
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O

HN

O
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O
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O
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C12H25O

C12H25O
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O
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63
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120.80, 129.50, 131.74, 131.92, 135.19, 135.39, 135.48, 135.81, 141.18, 150.38, 150.50, 153.11, 158.20, 
158.65, 167.43.; MALDI-TOF mass (dithranol): calcd. for C148H210N6O12Zn: 2328.53; found: 2328.97. 
 
 

 
5 ăüăüāý÷čĎčĮĂ�ŗŃňŢ�@ ąĂŘøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ

 
 

a

ppm
02 135 468 710 9

b

ppm
020 103050 406080 70100 90120 110130150 140160180 170
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ăüăüāý.©�D÷

NMR JEOL ECS-400(400 MHz) MALDI-TOF-MS
SHIMAZU AXIMA-CFR Plus station Yanako NP-500P

JASCO V-630 JASCO ETCL-761
AFM Bruker model MaltiMode 8(Scan Assist mode)

Leica TCS SP5 system  
 
 
ăüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

(0.1 1.0 cm)
1 ˚C min-1  

 
 
ăüăüāüāýoé�A0+ŻƕųƅƠ�D÷

(1.0 cm)
400 r.p.m.  
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ĄüĀýQÎ÷

1
1

1-3

 

1

˚

2009 Meijer ( ) ˚
1 2014 Sugiyasu, 

Takeuchi ( 5-1-1) 4

˚  
 

 

 
5 ĄüĀüĀý÷ ƟƎƣŴÔ�@á/ŗ`!ŋŏ�ŝœŘ81
 ă÷
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1NP

+ 2 vol. of
1NP
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1
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5 ĄüĀüāý÷ �@��±µ/V`ťá/è>ŘÛRÎ¢ŖƅƞƂƒŕŋœŞŐŁŏÝå¢ŖÔ�@á/ Āÿ÷
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5 ĄüĀüĂý÷ �@��±µ/V`ŗşőœÔ�@á/ŅÛRÎ¢ŗƅƞƂƒŊţŏƕƟơƣƎŻŪƙƆÌI	 ĀĀ÷

 
Würthner (PBI)

( 5-1-3)11

PBI

12

 
 

 
 

5 ĄüĀüăý÷ $¢ŶƣƎƇƅƟŨƠƞŪƑƞƟťÛRÎ¢ƅƞƂƒŕŋœ��ŋŏƟƎƣŴÔ�@á/ ĀĂüĀĄ÷

 
Otto

13-15 (
) β-

Würthner et al.

=

Kinetic trapping

Otto et al.
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( 5-1-4)

15  
 

 
 

5 ĄüĀüĄý÷ ŨſƔƣžƣÌI	Ř��^%ť��ŋŏ�ƟƎƣŴÔ�@á/Ř}S5 Āą÷

 

˚ 4,10-15 Sugiyasu, Takeuchi

( 5-1-5)16 trans-
cis- cis- trans-

cis-
trans-

˚

 
˚

5

-

13-15

˚ ( )
˚  

˚ 9

˚

( 5-1-6) 9

N N

R

R

N N

R R

UVvis

dormant
monomer

free
monomer

Sugiyasu, Takeuchi et al.
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2 ˚

( 5-1-7)  
 

 
 

5 ĄüĀüąý÷ t¥«Řz]5÷

 
 

 
 

5 ĄüĀüĆý÷ �@ āû÷Ĉ Ř�@{Ü÷

 
 
  

Monomer Supramolecular
Polymer

Kinetic trap
aggregate

intramolecular
hydrogen bond

isomerization
...

+

Living supramolecular polymerization

Monomer Supramolecular
Polymer

Kinetic trap

Coassembly

+
2:

9:

This work

N

N N

N

Zn

OMe

O

O

NH

O
OC12H25

OC12H25

OC12H25R2 R2

R1

R1

NH

O

OC12H25

OC12H25

OC12H25

O

R1=

R2=

R1=

R2=

9 :

2 :
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Ąüāýµxŕ½F÷

 
ĄüāüĀý�@ Ĉ Ř¿Në/c$÷

9 AFM
 

 
ĄüāüĀüĀý�@ Ĉ Ř¿Në/c$÷

AFM 9
 

 
 

5 ĄüāüĀý÷ øģù�@ Ĉ Ř¿Në/c$Ř}S5÷ øĤù�@ Ĉ Ř Ēü�/	ƇƊƐŧŪƌƥøĈĘĐùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷øĥû÷Ħù�R,:0+ŻƕųƅƠ:%÷ ø÷ġĈĢċĄÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷

 
9 J- (9NP)

H- (9NF) ( 5-2-1 c, d) H-
HOPG AFM 2.3 nm

( 5-2-1b)
9NP  9NF … ( 5-2-2) 9NP 436nm

9NP isodesmic
23 9NF 404nm

(Te) cooperative
9NF cooperative 24,25

9 9NF  
 

9NF

9Mono

step 1

step 3

Cooling

Heating

9NP

step 1

step 3

Cooling

Heating

a

Ab
so

rb
an

ce

0

0.8

1.6

2.4

0.4

1.2

2.0

350 400 450
Wavelength (nm)

500

368 K

318 K

c

Ab
so

rb
an

ce

0

0.8

1.6

2.4

0.4

1.2

2.0

350 400 450
Wavelength (nm)

500

318 K

283 K

d

b
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5 Ąüāüāý÷ �@ Ĉ Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿăû÷ăĂą÷İįù÷

 
 

ĄüāüĀüāýīĴıĦħĴįīĥ ƜƄƠťŞŐŁŏ ĈĘĚ V`Þ¨Ř� B¢Ë�÷

isodesmic 9NP
 

 

 

 
5 ĄüāüĂý÷øģû÷Ĥù�@ Ĉ Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĈĢċĄÿ÷µėù÷øĥù�R

�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĈĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
9NP isodesmic 9NP

9NF
9NP 3

9 9NP (ε9NP(436 nm) = 210000 mol l-1 cm-1 )
J-

373 283343 313
Temperature (K)

Ab
so

rb
an

ce

0.8

0.4

0

404 nm

436 nm

0.2

1.0

0.6

Ab
so

rb
an

ce

0

0.4

0.8

1.2

0.2

0.6

1.0

500 550 600
Wavelength (nm)

650

368 K

318 K

D
eg

re
e 

of
 J

-a
gg

re
ga

te

0

0.4

0.8

0.2

0.6

1.0

10-5 10-4

Concentration (M)

318 K

353 K

5K interval

ln
 K

I

7

9

11

12

0.0028 0.0030 0.0032
1 / T (K-1)

b

c d

8

10

Ab
so

rb
an

ce

0

0.8

1.6

2.4

0.4

1.2

2.0

350 400 450
Wavelength (nm)

500

368 K

318 K

a

6
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isodesmic ( 1-2) 9NP ( 5-2-3c
5-2-1) KI van’t Hoff (3) 9NP

(ΔH˚) (ΔS˚) 308 K
(ΔG˚) ( 5-2-3d) 9NP
ΔH˚= –79 kJ mol-1 ΔS˚= –160 J K-1mol-1 ΔG˚= –29.6 kJ mol-1  

 
 
 
 

Ã ĄüāüĀý÷ .�RŗŃňŢ ĈĘĚ V`ŘPÂDj ĕē÷

 
 

(K) 
KI 

(M−1) 
353 2.0×103 
348 3.0×103 
343 4.5×103 
338 6.6×103 
333 1.0×104 
328 1.6×104 
323 2.5×104 

 
 
 
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 

 
 
 
 
 
 
 
 
 

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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ĄüāüĀüĂýĥııĲħĳģĵīĶħ ƜƄƠťŞŐŁŏ ĈĘĐ V`Þ¨Ř� B¢Ë�÷

cooperative 9NF  
 

 
 

5 Ąüāüăý÷ĈĘĐ V`Ř�'ÛR�A^øλ÷ċ÷ăÿă÷İįù÷

 
9NF ( 5-2-4) 9NF

9NP 9NF
′

11,12 9NF
 

 

 

 
5 ĄüāüĄý÷ øģù�@ Ĉ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĈĢċāĄ÷µėù÷ øĤù�@ Ĉ

Ř"�Þ¨ŗŃňŢ�R,:Á�ŻƕųƅƠ:%øλħĸ÷ċ÷Ąąā÷İįĿ"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġĈĢċāĄ÷µėù÷øĥù�R,:Á�

ŻƕųƅƠ�DŗŃňŢÁ�UR:%øλħį÷ċ÷ąăą÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøě
ā÷ċÿýĈĈĄù÷

 

343 303323 313
Temperature (K)

Ab
so

rb
an

ce
 a

t 4
04

 n
m

0.35

0.3

0.2

0.5 K min-1
1 K min-1

0.25

0.4

0.45

333

0.1 K min-1

0

24000

18000

6000

12000

700600 650
Wavelength (nm)

b

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.)

0

24000

18000

6000

12000

358308 318
Temperature (K)

c

Fl
uo

re
sc

ce
nc

e 
in

te
ns

ity
 (a

.u
.)

328 338 348

25 µM
20 µM

[9]

15 µM

50 µM
30 µM

646 nm

ln
 K

e

9

10

11

0.00285 0.0029 0.00295
1 / T e (K-1)

d 12

Ab
so

rb
an

ce

0

0.4

0.8

1.2

0.2

0.6

1.0

500 550 600
Wavelength (nm)

650

368 K

308 K

a



 106 

5-2-5a 9NF 308 K H-
J-

9NF
9NP

9NF
9 9NP(J- )

9NF(H- ) 9

9NF ( 5-2-5b) 9NP
646 nm

( 5-2-5c) (4)
van’t Hoff (6)

(ΔH˚) (ΔS˚) ( 5-2-5d 5-
2-2) 9NF ΔH˚= –125 kJ mol-1 ΔS˚= –273 
J K-1mol-1 ΔG˚= –40.8 kJ mol-1 5-2-3 9NP 9NF

 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
Ã Ąüāüāý¾��RøĝħùŗŃňŢ�@ Ĉ ŘƜƊƘƥ�Rŕ ĈĘĐ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
350 40.3 104 

345.5 24.8 104 
344.5 21.0 104 
343 17.1 104 
341 13.0 104 

 
 

Ã ĄüāüĂý�@ Ĉ ŘÔ�@ë/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
9NP (79 (160 (29.6 
9NF (125 (273 (40.8 
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Ąüāüāý�@ ā ťŞŐŁŏ�@ Ĉ Řoé JƒƢŴƞƚ÷

9 9
˚

9
˚  

 

 

 
5 Ąüāüąý÷ �@ ā ŗşŢ�@ Ĉ Řoé JƒƢŴƞƚ÷

 

9 2 9 (“Shuffling”)
9  (“Selection”)

( 5-2-6) 2 H-
((2+9)NP) 2 2NP

9 9NF
(2+9)NP 9NF 1

( 5-2-6 )  
2 9  

 
 
  

9
2

9·9

9·9

9·2

2·2

9·9·9·9·9·9

Nucleation only 
from 9

Elongation 
from the 
nuclei

'Selction'

Coassemble through 
isodesmic model

'Shuffling'

+9NFseed

(2+9)NP 9NF

Elongation 
from the

seed
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ĄüāüāüĀý�@ ā ŕ�@ Ĉ Ř�ë/	V`÷

AFM 2 9  
 

 
 

5 ĄüāüĆý÷ øģù÷ �@ ā ŕ�@ Ĉ Ř�/°Řë/c$Ř}S5÷ øĤù�ë/	øāúĈùĘĚ Ř ČĐė V��÷ øĒęĚđ 7vĿ

ŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷ øĥù÷ �R,:0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ÷µėĿġāĢĉġĈĢċĄÿĉĄÿĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷ øĦù÷

�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿăû÷ăĂą÷İįù÷

 
2 9 1 1

([2]:[9] =50 : 50, 5-2-7a)
J- ( 5-2-7 c)

9NP  9NF … ( 5-2-7d)
9NF 404nm 9NP 436 nm

HOPG AFM
( 5-2-7b)

2 9 (2+9)NP
 

 
 
 
 
 

350 500400 450
Wavelength (nm)

Ab
so

rb
an

ce 1.6

0.8

0

283 K

313 K

373 283343 313
Temperature (K)

Ab
so

rb
an

ce

1.2

0.8

0

404 nm

436 nm

0.4

1.62.4

a

coassembly
(2+9)NP

2Mono Cooling

Heating

9Mono

b

c d
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-  m . i b A J n P N [ b n/ 4 =

9 : 9.: 0 µ5 9 : 9.:0   b A J an λ 0 )(+   

 
2 9 9 60 %

((2+9)NP) ( 5-2-8)
2 9 ( 5-2-

8b) (2+9)NP 2 9
 

 
Ąüāüāüāý�ë/	Řoé J�Ð÷

2 9 (2+9)NP (2+9)NP
AFM  

 

 
5 ĄüāüĈý÷ øģùøāúĈùĘĚ Řoé J�ÐŘ}S5÷ øĤùøāúĈùĘĚ Řoé J�ÐXŘ ČĐė V��øġāĢĉġĈĢċĄĉĄĿĒęĚđ

7vĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷øĥùøāúĈùĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ µėĿġāĢĉġĈĢċĄĉĄĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 

350 500400 450
Wavelength (nm)

Ab
so

rb
an

ce 1.6

0.8

0

283 K

313 K

373 283343 313
Temperature (K)

Ab
so

rb
an

ce
 a

t 4
36

 n
m

(i) [2]:[9] = 40:600.2
2.4

a b

(ii) [2]:[9] = 50:50
(iii) [2]:[9] = 60:40
(iv) [2]:[9] = 70:30

0 123 6
Time (h)

d

(A
bs

t=
0 

– 
Ab

s t)
 a

t 5
58

 n
m

0.2

0.1

0

9

0.4

0.3

420 min

0 min

Ab
so

rb
an

ce

0

0.4

1.2

0.2

350 550
Wavelength (nm)

c

450 650

0.8

0.6

1.4

1.0

ba

Stirring at 400 r.p.m.

MCH at 308 K

(2+9)NP 9NF 2NP

70:30
60:40

40:60

[2]:[9]

50:50
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308 K (2+9)NP
( 5-2-9c)

H-
558 nm ( 5-2-8d)

J- H-
(2+9)NP 2

9 ( 5-
2-9d 5-2-10) (2+9)NP 2

2NP 9 9NF (self-sorting)( 5-2-6)9,26,27

2 9
 

 

 
 

5 ĄüāüĀÿý÷ øāúĈùĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ÷µėĿ�Rĉ÷ Ăÿć÷ ĕĿgbÛRĉ÷ ăÿÿ÷

ĳýĲýįýù÷øģùġāĢĉġĈĢċăĉą÷øĤùġāĢĉġĈĢċĄĉĄ÷øĥùġāĢĉġĈĢċąĉă÷øĦùġāĢĉġĈĢċĆĉĂ÷
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so
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ĄüāüĂýoé JƒƢŴƞƚŗşšE�ōŢƟƎƣŴÔ�@á/÷

2 9 9
5-2-9d (2+9)NP 9NF

5-2-6 (2+9)NP
9NF ˚

9NF ˚

AFM  
 
 
ĄüāüĂüĀý©á/ĉ÷ĈĘĐĴħħĦťŞŐŁŏ�@ ā ŘÔ�@á/ŘË�÷

9NF 9NFseed

 

 
 

5 ĄüāüĀĀý÷øģù©á/Ř}S5÷ øĤù÷ĈĘĚĴħħĦ�"XŘ0+ŻƕųƅƠ:%øġāĢ÷ċĄÿ÷µėĿġĈĘĐĴħħĦĢĉġāĢċĀĉĀÿÿĿ�Rĉ÷Ăÿć÷

ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 
2NP 9NFseed … ( 5-2-11)

( 5-2-11b, c)
2

9  
 
 
 
 
 
 
 
 
 

MCH at 308 K
9NF 2NP

9NFseed (1/100 eq.)

a

0

100:0

6020 40
Time (min)

c

(A
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t–
Ab

s t=
0)

 a
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58
 n

m

0
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[2]:[9]

0 ~ 60 min
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so
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an

ce

0
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b

550

0.6

0.4

1.0

2NP
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ĄüāüĂüāý©á/ĉ÷ĈĘĐĴħħĦťŞŐŁŏ�ë/	øāúĈùĘĚ ŘÔ�@á/ŘË�÷

 

 
5 ĄüāüĀāý÷ øģù©á/Ř}S5÷ øĤùĈĘĚĴħħĦ�"XŘ0+ŻƕųƅƠ:%øġāĢúġĈĢċĄÿ÷µėĿġĈĘĐĴħħĦĢĉġøāúĈùĘĚĢċĀĉĀÿÿĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 
2 9 1 1 (2+9)NP 9NFseed 0.01

… ( 5-2-12b) 2NP 9NFseed

9NFseed H- ( 5-
2-11b) (2+9)NP 9NFseed

 
(2+9)NP 2 9 9NFseed

9 ( 5-2-12c) 9NFseed

9 9NFseed

9
9NFseed (2+9)NP 2

9 ( 5-2-12c) (2+9)NP
2 9 ˚

 
 
  

0

70:30
60:40

40:60

6020 40
Time (min)

c

(A
bs

t–
Ab

s t=
0)

 a
t 5

58
 n

m

0

-0.1

-0.2

-0.3

[2]:[9]

50:50

MCH at 308 K

(2+9)NP 9NF 2NP

40 min

0 min

Ab
so
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ce
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b

550

0.6

0.4

1.0

9NFseed (1/100 eq.)

a
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ĄüāüĂüĂý©á/Řá/ÛRÇw÷

9NFseed
25  

 

Z + :)

S[
⇌

S]

:)[4  

-B =
S[

S]
 

 

9 9NF KE 106 M-1 k–
4  

 ^_`a` + ^bcdeef
M
^bc   

 
v0 a  

 

 

gU = S[^_`a`][^bcdeef]
h 

gU ∝ −
Qj

QR
 

 

 
(8)  

 

 

log	 gU = log	{S ^opqp ^bcdeef
r} 

log −
Qj

QR
∝ tlog ^bcdeef + + 

(8) 

 
2 9 1 1 (2+9)NP 9NFseed

…
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5ĄüāüĀĂý÷øģù©á/Ř}S5÷ øĤù÷ĈĘĚĴħħĦ�"XŘƜƠ0�jŘoé:%øġāĢúġĈĢċĄÿ÷µėĿġāĢĉġĈĢċĄĉĄĿ�Rĉ÷Ăÿć÷

ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùSøćùŗ7ŒŇ©á/Řá/ÛRÇwø�ņĉÿýĈĆù÷

 
(2+9)NP 9NFseed

( 5-2-13b)
9NPseed

( 5-2-13c) 0.97
1 (2+9)NP

9NFseed
28

1

 
 
 
  

0

1:600
1:400

1:100

3010 20
Time (min)

b

ε 5
58

nm
 (1

04
 M

-1
 c

m
-1

)

1.7

1.5

1.3

1.1

[9NFseed]:[(2+9)NP]

1:250

-6.0
Log([9NFseed])

c

Lo
g(

-d
(ε

55
8n

m
 )/

dt
)

1.6

1.2

0.8

0

0.4

-6.4-6.8-7.2

MCH at 308 K

(2+9)NP
([2]:[9] = 50:50)

9NF 2NP

9NFseed

a
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ĄüāüĂüăýƟƎƣŴÔ�@á/ŗşŢÔ�@ƗƟƘƥŘçŊŘ�Z÷

(2+9)NP 9NFseed ˚

(2+9)NP 9NFseed ([9]/[9NFseed]: [9] 9 )
9NF ˚ 4,29,30 9NF

 

MALDI-MS
31

′

AFM TEM
4,14-16,18,29,30 AFM

(Ln) (Lw	 (PDI = Lw/Ln)  
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9NFseed 9NF 288 K
3 HOPG AFM

AFM 9NFseed (Ln)
(Lw) (PDI = Lw/Ln) 126 nm 150 nm 1.2 ( 5-2-14 a, e)

9NFseed ([9NFseed]=25 µM)
(2+9)NP ([(2+9)NP]=25 µM [2]:[9]=5:5)

AFM (2+9)NP AFM
( 5-2-14b) 9NFseed (2+9)NP

9NFseed ( 5-2-14c, d)
(Ln) (Lw) (PDI = Lw/Ln)

( 5-2-14e) (9NFseed)
(2+9)NP ( 5-2-14f)4,29,30

˚

( 5-2-14f, g 5-2-4)  

 
Ã Ąüāüăý÷ ƇƊƐŧŪƌƥŘçŊ÷

 
98  

[9]/[9NFseed] 
6 (Ln) 
(nm) 

6 (Lw) 
(nm) 

 
(PDI) 

1 126 150 1.20 
2 214 250 1.17 
4 435 567 1.30 

 
  



 117 

ĄüĂýµÎ÷

˚ 9 H-

˚ 9 2

(2+9)NP 9NFseed

9NFseed

(2+9)NP ˚  

˚

˚

2009 Meijer ˚
1

 

 
5 ĄüĂüĀý÷ t¬Řz]5÷
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ĄüăýEó÷

÷

ĄüăüĀýƗƠƐũƟƣÌI	øĈùŘ/`÷

5-4-1
S13 S14 4  

 
Żűƥƚ ĄüăüĀ÷
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ĄüăüĀüĀý%/� ĜĈ Ř/`÷

4- (1.34 g, 6.11 mmol) 2-(BOC- ) = (1.13 g, 5.05 mmol)
(7.40 g, 53.5 mmol) N,N- (17 mL) 65 C 9

( )
S9 (1.57 g, : 86 %) 1H NMR  

 
1H NMR (CDCl3, 298 K) δ 1.45 (9H, s, tBu-), 3.50-3.54 (2H, m), 3.96-3.99 (2H, m), 4.95 (1H, -CONH-), 6.66 
(2H, d, J = 8.4 Hz), 7.55 (2H, d, J = 8.4 Hz). 
 
ĄüăüĀüāý%/� ĜĀÿ Ř/`÷

(12 mL) (12 M, 6 mL) S9 (1.01 g, 2.78 mmol)
(6 mL) 5

3
S10 (515 mg, : 62 %) NMR  

 
1H NMR (D2O, 298 K) δ 3.24-3.27 (2H, m), 4.08-4.11 (2H, m), 6.69 (2H, d, J = 8.8 Hz), 7.53 (2H, d, J = 8.8 
Hz). 
 
 
ĄüăüĀüĂý%/� ĜĀĀ Ř/`÷

S10(472 mg, 1.58 mmol) (20 mL) (1.8 mL)
0 ˚C S13 (15 mL)

5
(

) S11 (1.15 g, : 79 %) NMR
MALDI-TOF-MS  

 
1H NMR (CDCl3, 298 K) δ 0.849-0.882 (9H, m), 1.25-1.29 (48H, m), 1.41-1.50 (6H, m), 1.65-1.82 (6H, m), 
3.80-3.84 (2H, m), 3.95-4.00 (6H, m), 4.09-4.12 (2H, m), 6.40 (1H, -CONH-), 6.68 (2H, d, J = 8.8 Hz), 6.93 
(2H, s), 7.55 (2H, d, J = 8.8 Hz).; MALDI-TOF mass (dithranol): calcd. for C51H86NO5I: 919.56; found: 920.69. 
 
 
ĄüăüĀüăý%/� ĜĀā Ř/`÷

S11(1.11 g, 1.20 mmol) ( ) (340 mg, 1.34 mmol) (345 
mg, 3.52 mmol) [1,1’- ( ) ] (II)(45.3 mg, 
0.0619 mmol) DMSO 80 ̊ C 24

(400 mL)
( )

S12 (633 mg, : 57 %) NMR  
 
1H NMR (CDCl3, 298 K) δ 0.86-0.90 (9H, m, CH3-), 1.26-1.33 (60H, m, (CH3)2-C-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.42-1.48 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.83 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-
O-), 3.85 (2H, dt, -NH-CH2-CH2-O-), 3.96-4.01 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.18 (2H, t, -NH-
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CH2-CH2-O-), 6.46 (1H, t, -NH-CH2-CH2-O-), 6.90 (4H, d, C6H4), 6.95 (2H, s, C6H2), 7.75 (2H, d, C6H4).; 13C 
NMR (CDCl3, 298 K), δ 14.11, 22.68, 24.85, 26.07, 29.36, 29.39, 29.58, 29.63, 29.69, 29.72, 30.30, 31.92, 
39.55, 66.66, 69.37, 73.50, 83.62, 105.75, 113.79, 129.31, 136.63, 141.27, 153.11, 161.02, 167.66. 
 
ĄüăüĀüĄý%/� Ĉ Ř/`÷

S14(67.8mg, 0.0911 mmol) S12 (202 mg, 0.220 mmol) (55.9 mg, 0.527 mmol)
N,N- (18 mL) (2 mL) (2 mL)

( ) (0) (18.4 mg, 0.0159 mmol) 80 ˚C 24

(
) (Bio-Beads SX-1, )

9 (103 mg, : 52 %) NMR MALDI-TOF-
MS  
 
1H NMR (CDCl3, 298 K) δ  0.83-0.89 (18H, m, CH3-), 1.22-1.33 (96H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.43-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.71-1.85 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 3.81-
3.84 (4H, m, -NH-CH2-CH2-O-), 3.98-4.03 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.09 (6H, s, CH3-O-), 
4.33 (4H, m, -NH-CH2-CH2-O-), 6.55 (2H, t, -NH-CH2-CH2-O-), 6.88 (4H, s, C6H2), 7.25-7.28 (8H, m, C6H4), 
8.11 (4H, d, C6H4), 8.12 (4H, d, C6H4), 8.93 (4H, d, β-pyrrole), 8.96 (4H, d, β-pyrrole).; 13C NMR (CDCl3, 
298 K), δ 14.10, 22.66, 22.69, 26.10, 29.34, 29.39, 29.41, 29.63, 29.68, 29.76, 30.33, 31.89, 31.94, 39.62, 
55.53, 67.05, 69.43, 73.51, 105.75, 112.02, 112.54, 120.37, 120.75, 129.09, 131.73, 131.92, 135.25, 135.38, 
135.50, 135.91, 141.33, 150.36, 150.48, 153.07, 158.09, 159.19, 167.56.; MALDI-TOF mass (dithranol): calcd. 
for C136H194N6O12Zn: 2168.41; found: 2168.83. 
 

 
5 ĄüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ Ĉ Řøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ÷

a

ppm
02 135 468 710 9

b

ppm
020 103050 406080 70100 90120 110130150 140160180 170
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ĄüăüĀüąýÔï��HŗşŢƇƊƐŧŪƌƥŘ©øĈĘĐĴħħĦùÍk÷

9NFseed	 9NF (3 mL, 12.5 µM)  10 
˚C 3 9NFseed 9NF

(3 mL, 25 µM) 1
9NF ′

( 5-2-3) 9NF
6NFseed

( 5-2-14 5-2-4)  

Ąüăüāý.©�D÷

NMR JEOL ECS-400(400 MHz) MALDI-TOF-MS
SHIMAZU AXIMA-CFR Plus station JASCO V-630
JASCO ETCL-761
JASCO FP-8500 JASCO ETC-815 AFM

Bruker model MaltiMode 8(Scan Assist mode)  
 
 
ĄüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

(0.1 1.0 cm)
1 ˚C min-1  

 
 
Ąüăüāüāýoé�A0+ŻƕųƅƠ�D÷

(1.0 cm)
400 r.p.m.  

 

ĄüăüāüĂý�R,:Á�ŻƕųƅƠ�D÷

(1.0 cm)
1 ˚C min-1  
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ƫ¬÷ �%ōŢÔ�@ë/	ƭŬƉƠŲƥƞƣƆŻŵƥƒŗ7ŒŇô�{ÜŘ�Z÷
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ąüĀýQÎ÷
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5 ąüĀüĀý÷ �y¢Ŗ��ŗ\Ōœ¿N³»%c$Ř:%ōŢ�KÔ�@ŹŻƃƚ āĀûāā÷

÷

Otto ( )
β-

( 6-1-1)21,22

β-

21  
Mauro, De Cola (0)

30 6-1-2 (0)

Mauro, De Cola
˚  

 
 

Otto et al.

R

SH

SH

R = Gly–Leu–Lys–Leu–Lys–OH
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5 ąüĀüāý÷ ¡ãøÿùä	Ř¿Në/	V`ŘƟŨƠƀŪƚÆF Ăÿ÷
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5 ąüĀüĂý÷ �@ Āüć Ř�@{Ü÷

÷
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De Cola et al.
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Pathway A ( 6-1-3 6-1-4)
 (6NP) Pathway B  (6NS) Pathway A

 (6NF)  

˚ ( 6-1-5)  
 

 
 

5 ąüĀüăý÷ ƨ¬ŗŃŁœnŠńŕŊţŏŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

÷

 
5 ąüĀüĄý÷ t¬Řz]5÷
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ąüāýµxŕ½F÷

 
ąüāüĀýÔ�@ë/	Ř�%�Ð÷

AFM 6

 
 
6-2-1-1  

5, 6  

 

5 ąüāüĀý÷ øģùĄĘĚ ńŠ ĄĘĐ śŘV_×§Ř}S5÷ øĤùĄĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġĄĢċĄÿ÷

µėĿ�Rĉ÷ Ăÿć÷ ĕĿgbÛRĉ÷ ăÿÿ÷ ĳýĲýįýù÷ øĥùĄĘĚ Řoé J�ÐŗŃňŢÌIrŘgbÛR�A^÷ øĦù÷ ąĘĚ ńŠ

ąĘĜ śŘV_×§Ř}S5÷ øħùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgb

ÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĨùąĘĚ Řoé J�ÐŗŃňŢÌIrŘgbÛR�A^÷
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5NP 6NP
6 6-2-2

Pathway A Pathway B
Pathway A Pathway B

6 (6NP)
(6NS) (6NF)

 

 
5 ąüāüāý÷ ŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷
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6NP 6NP J-
H(

( 6-2-3) 555 nm H-
( 6-2-3d)

6 H-
5 ( 6-2-4 6-2-5) H- HOPG

AFM 2.2 nm (6NF)
( 6-2-3b)

6NF
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1 (6NF)
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5 ąüāüăý÷ 0+ŻƕųƅƠ÷ øģù�@ Ą÷øĤù�@ ą÷

 

 
5 ąüāüĄý÷ Ò;0+ŻƕųƅƠ÷ øģû÷Ĥù�@ Ą÷øĥûĦù�@ ą÷ø÷ġĄĢ÷ċ÷ġąĢ÷ċ÷ăýĄ÷įėùý÷
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ąüāüĀüĂýƇƊƐŧŪƌƥŘ� B¢CD^ŘË�÷

6, 7
…  

 

 
 

5 ąüāüąý÷øģû÷Ĥù÷ąĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċăÿ÷µėù÷øĥù÷ąĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷

 
6-2-6a, b 6NF 300 K H-

J-
( 6-2-6a, b) 400 nm

(Te) ( 6-2-6c) - 2
cooperative 31-33 3 5NF

6NF  
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 
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(4) ( 6-2-6c)
KE (5) ( 6-2-1) van’t Hoff (6)

(ΔH˚) (ΔS˚) 308 K
(ΔG˚) ( 6-2-6d) 6NF
ΔH˚= –127 kJ mol-1 ΔS˚= –304 J K-1mol-1 ΔG˚= –33.2 kJ mol-1  

7 (7NF) ( 6-2-7
6-2-2) 6-2-3 6, 7  

 
 

Ã ąüāüĀý¾��RøĝħùŗŃňŢ�@ ą ŘƜƊƘƥ�Rŕ ąĘĐ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
323 23.0 104 
321 17.9 104 
319 12.9 104 
315 7.04 105 

 
 

 
5 ąüāüĆý÷ øģû÷ĤùĆĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĆĢċăÿ÷µėù÷øĥùĆĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷
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Ã ąüāüāý÷ ¾��RøĝħùŗŃňŢ�@ Ć ŘƜƊƘƥ�Rŕ ĆĘĐ V`ŘPÂDj ĕď÷

 
 

(K) 
 

(µM) 
KE 

(M(1) 
322 22.2 104 
320 17.3 104 
318 12.5 104 
314 6.90 105 

 
 

Ã ąüāüĂý÷ ƇƊƐŧŪƌƥV`ŗŃňŢ� Bƍƞƛƥƀ÷

÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

6NF (127 (304 (33.2 
7NF (124 (297 (32.8 

 
 
+ ) m + [M] P ]

6 6NP 6NS 6NF

6
6-2-2 6NP 

< 6NS ≤ 6NF (308 K) ( 6-2-4)
6NP (6NS, 6NF)

6NS 6NF

6NS 6NF
6NS 6NF

 
 

Ã ąüāüăý÷ �@ ą ŘÔ�@ë/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

6NP (83 (178 (27.5 
6NS (131 (324 (31.4 
6NF (127 (304 (33.2 
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ąüāüāý©ŗşŢ�%�ÐŘÌIƭĀ ��ŃşŚ ā ��ƟƎƣŴÔ�@á/Řß`÷

6 (6NP) 1 (6NF) 2 (6NS)
6NF 6NS

˚
10 6NF 6NS 6NP

˚ 1 2
˚  

 
÷

ąüāüāüĀýĀ ��ƇƊƐŧŪƌƥŘ©ŘÍk÷ ÷

6NF (6NFseed) 6NP 6NP
288 K 3

6NFseed ( 6-2-8) 6NFseed AFM
(Ln) (Lw) (PDI=Lw/Ln) ( 6-2-5)10

(Ln) (Lw) (PDI=Lw/Ln) uG

 

 

u) =
FGuG

)
GH4

FG
)
GH4

 

uI =
FGuG

6)
GH4

FGuG
)
GH4

 

JKL = uI/u) 

 

 
 

 
5 ąüāüćý÷øģû÷ĤùąĘĐĴħħĦŘ ČĐė V��øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĤùąĘĐĴħħĦŘçŊŘ²ÊRj5÷

 
Ã ąüāüĄý÷ąĘĐĴħħĦŘçŊ÷
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ąüāüāüāýĀ ��ƟƎƣŴÔ�@á/÷

6 ′ 6NF KE 105 M-1

k–
10,32  

 v_`a` + vbcdeef
M
vbc   

 
v0 a  

 

 

gU = S[v_`a`][vbcdeef]
h 

gU ∝ −
Qj

QR
 

 

 
(9)  

 

 

log	 gU = log	{S vopqp vbcdeef
r} 

log −
Qj

QR
∝ tlog vbcdeef + + 

(9) 

 
6NP 6NFseed …

 
 

 
5 ąüāüĈý÷ øģùąĘĐĴħħĦ ťŞŐŁŏ ąĘĚ Ř�%ÌIŘ}S5÷ øĤûĥùąĘĐĴħħĦ Ř�"ŗ�ł ąĘĐ V`Řoé:%÷

øġąĘĐĴħħĦĢúġąĘĚĢċĄÿ÷µėù÷øĦùSøĈùŗ7ŒŇá/ÛRÇwø�ņĉĀýÿĆù
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6NP 6NFseed

( 6-2-9b,c)
9NPseed

( 6-2-9d) 1
1 34 6NP

6NFseed

 
 

 
5 ąüāüĀÿý÷øģùąĘĚ Ř�"ŗ�ł ĄĄć÷İį Ř0�RŘ:%÷ øĤù.ŷŪųƠŗŃŁœÆ�Ŋţŏ&�oéŀŏšŘ ĄĄć÷

İį Ř0�R:%÷

 
˚ 6NFseed

6NP 6NP 6NF 6NP
( 6-2-10a) 5

(-dAbs./dt)
( 6-2-10b) 5

6NF 6NP 6NFseed

 
 

 
5 ąüāüĀĀý÷ øģùĀ ��ƟƎƣŴÔ�@á/�XŘ ČĐė V��øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ Āÿÿ÷ İįù÷ øĤùĀ ��ƟƎƣ

ŴÔ�@á/�XŘ ąĘĐ ŘçŊŘ²ÊRj5÷
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˚ AFM 6NFseed 6NP
HOPG AFM 6NFseed

6NF ( 6-2-11 6-2-6)
6NF  

6NP 6NFseed 1
˚  

 
 
 
 
 
 

Ã ąüāüąý÷ ƇƊƐŧŪƌƥŘçŊ÷

 
98  

([6NP]+[ 6NFseed])/[6NFseed] 
6 (Ln) 
(nm) 

6 (Lw) 
(nm) 

 
(PDI) 

1 61 78 1.28 
4 207 259 1.25 
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ąüāüāüĂýā ��ƇƊŹƥƅŘ©ŘÍk÷

6NS (6NSseed) 6NS
293 K 4 6NSseed

( 6-2-12) 6NSseed AFM
(An) (Aw) (PDI=Aw/An) ( 6-2-7)35,36

(An) (Aw) (PDI=Aw/An) EG

 
 

 

E) =
FGEG

)
GH4

FG
)
GH4

 

EI =
FGEG

6)
GH4

FGEG
)
GH4

 

JKL = EI/E) 

 

 
 

 
5 ąüāüĀāýøģüĦù÷ąĘĜĴħħĦŘ ČĐė V��÷ øįīĥģ 7vĿŻŵƥƠƌƥĉ÷Ąÿÿ÷İįù÷øħù÷ąĘĜĴħħĦŘ Ă ��V��÷ øĨùŘîª

Ř²ÊRj5÷

 
Ã ąüāüĆý÷ ƇƊŹƥƅŘîª÷
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ąüāüāüăýā ��Ô�@ë/	Ř©á/ÛRÇw÷

2

 
 

(6NP) 6 vbw nanoparticle
 

 

 vbw = ZNP nanoparticle , (10) 

 
ZNP 1 6NP 6 2

6 vbz nanosheet
 

 

 vbz = Z{| nanosheet , (11) 

 
Z{| 1 6NS 6

6  
 

 v }~}h� = vbw + vbz = ZNP nanoparticle + Z{| nanosheet , (12) 

 
6 6NSseed

nanosheet 6NS 6 Z{|

 
2

Å

MNS
f/2

6NS 6NP
 

 

 
d

dR
nanoparticle = −SZ{|

É/6 nanoparticle nanosheet , 
(13) 

 
S Ñ Ö 6NP 6NS 6
Ñ Ö  
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Ñ =
vbw

v }~}h�

=
ZNP nanoparticle

v }~}h�

, 

Ö =
vbz

v }~}h�

=
Z{| nanosheet

v }~}h�

= 1 − Ñ, 

(14) 

 
nanosheet 6NS 6NSseed

 
 

 
nanosheet = nanosheet U =

ÖU v }~}h�

Z{|U

, 
(15) 

 
0 (t = 0)  

12–15 (16)  
 

 
d

dR
Ñ = −SZ{|U

É/6]4
v }~}h�ÖU

4]É/6
1 − Ñ É/6Ñ. (16) 

 
6 [6]total 6NSseed 6 MNS0

S = SZ{|U
É/6]4

v }~}h� (16) (17)  

 

 
d

dR
Ñ = −S ÖU

4]É/6
1 − Ñ É/6Ñ	, (17) 

 
(17) (18)  

 

 1

ÑÖU

dÑ

dR
= −S

1 − Ñ

ÖU

É/6

	. (18) 

 
4]á
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äT
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6NP 6NSseed 6NP 6 …
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5 ąüāüĀĂý÷ øģùąĘĜĴħħĦ ťŞŐŁŏ ąĘĚ Ř�%ÌIŘ}S5÷ øĤûĥùąĘĜĴħħĦ Ř�"ŗ�ł ąĘĜ V`Řoé:%÷

øġąĘĜĴħħĦĢúġąĘĚĢċĄÿ÷µėĿāĈć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùSøĀćùťŞŐŁŏ©á/ŗŃňŢá/ÛRÇw 

 
6NP 6NSseed … 6NP

6NSseed 6NS ( 6-
2-13b) 550 nm 6NS 6 (y)

( 6-2-13c) 6NF
6NS

6NP 6 (x) 0.3~0.6
6 (x) ( 6-2-8)

(18) 6-2-13d k’ (
k) 6NSseed 6NP

( 6-2-13d) 6NSseed 6NS
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Ã ąüāüćý÷ ā ��ƇƊŹƥƅť©ŕŋœŞŐŁŏÔ�@á/Řá/ÛRÇw÷

 
vbw [[vbzdeef]

[vbzdeef]
  ÖU  Ñ  −

ãá

ãT
×10é  log(−

4

áàâ

ãá

ãT
)  log(

4]á

àâ
)  

4 0.25 

    
0.3 5.51 (2.13 0.447 

0.35 5.95 (2.17 0.415 
0.4 6.63 (2.18 0.380 

0.45 7.07 (2.20 0.342 
0.5 7.17 (2.24 0.301 

0.55 7.20 (2.28 0.255 
0.6 6.68 (2.35 0.204 

      

8 0.125 

0.3 4.31 (1.94 0.748 
0.35 4.94 (1.95 0.716 
0.4 5.12 (1.99 0.681 

0.45 5.51 (2.01 0.643 
0.5 5.69 (2.04 0.602 

0.55 5.85 (2.07 0.556 
0.6 5.62 (2.13 0.505 

      

16 0.0625 

0.3 3.80 (1.69 1.05 
0.35 4.32 (1.70 1.02 
0.4 4.52 (1.74 0.982 

0.45 4.70 (1.78 0.944 
0.5 4.80 (1.81 0.903 

0.55 4.59 (1.87 0.857 
0.6 4.65 (1.91 0.806 

 
  



 142 

ąüāüāüĄýā ��ƟƎƣŴÔ�@á/ŗşŢƇƊŹƥƅŘîªŘ�Z÷

6NSseed ˚ 2
6-2-13c 2

AFM  
 

 
5 ąüāüĀăý÷ øģüĦùČĐė V��øįīĥģ 7vĿŻŵƥƠƌƥĉ÷ Ąÿÿ÷ İįù÷ øġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċ÷ øģùĀ÷ øĤùă÷ øĥùć÷ øĦùĀą÷

øħùąĘĜ ŘîªŘ²ÊRj5÷ øġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċ÷øīùĀ÷øīīùă÷øīīīùć÷øīĶùĀą÷øĨùjP6îªøČİĉľùĿáâP6îª

øČķĉĽùĿ<�iRøĚĎēĉ÷×ùŘøġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢŗGōŢƒƢƂƅ÷

 
6-2-13c 2 6NS

mica AFM 2
6NSseed ( 6-2-14a-d)

6NS ( 6-2-14 a-d 6-2-15e)
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van der Waals ( 3-2-17)
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Ã ąüāüĈý÷ā ��ƟƎƣŴÔ�@á/ŗşšYŠţŢƇƊŹƥƅŘîª÷

 
98  

([6NP]+[ 6NSseed])/[6NSseed] 
6 (An) 
(nm2) 

6 (Aw) 
(nm2) 

 
(PDI) 

1 10800 14000 1.30 
4 42800 53400 1.25 
8 82200 95500 1.16 

16 166700 188500 1.13 
 
 

 
 

5 ąüāüĀĄý÷ā ��ƟƎƣŴÔ�@á/ŗşőœYŠţŏƇƊŹƥƅŘ÷ øģùçØŘçŊŗêōŢ²ÊRj5÷ øĤù�/�

Ř Āþā �ŗGōŢƇƊŹƥƅŘçØŘçŊ÷ øĥù¤ØŘçŊŗêōŢ²ÊRj5÷ øĤù�/�Ř Āþā �ŗGōŢƇƊŹ

ƥƅŘ¤ØŘçŊ÷ øħùƇƊŹƥƅŘ}S5÷ øĨùƇƊŹƥƅŘŨŻƕųƅ�÷
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98  

([6NP]+[ 6NSseed])/[6NSseed] 
6 (Ln) 
(nm) 

6 (Lw) 
(nm) 

 
(PDI) 

4 296 319 1.07 
8 419 437 1.04 

16 624 642 1.03 
 

    
Ã ąüāüĀĀý÷ā ��ƟƎƣŴÔ�@á/ŗşšYŠţŢƇƊŹƥƅŘ¤ØŘçŊ÷

 
98  

([6NP]+[ 6NSseed])/[6NSseed] 
6 (Ln) 
(nm) 

6 (Lw) 
(nm) 

 
(PDI) 

4 138 151 1.10 
8 186 202 1.09 

16 277 293 1.06 
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6NP 6NF 6NS
1 2 ( 6-2-19) ˚

Ian Manners
35-38 ˚

 
 
 
 
 

 
 

5 ąüāüĀĈý÷øģù�@ ą ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷ øĤù©�"ŗşŢÔ�@ë/	Ř�%�ZŘŶƣŽƒƅøŻŵƥƠ

ƌƥĉ÷Āÿÿ÷İįù÷
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2

 
′

Ian Manners (living 
crystallization-driven self-assembly) 39

( 6-2-20)35-39  

1 2 ˚

 
1 2

 
 
 

 
5 ąüāüāÿý÷ėģİİħĳĴ ŠŗşŢƑƢƂųƙŽƠŘ/` ĂĄûĂć÷

 
  

Manners et al.

Living crystalization-driven self-assembly in two dimensions

Living crystalization-driven self-assembly (Living CDSA)

B-A-B triblock co-micellecylindrical micelleBlock copolymer

Cross-linked
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6NP 5 (5NF)
AFM 5NFseed

5NP  
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İį Ř0�R:%÷

 
… 6NF-

5NF-6NF 5NFseed 6NP 6NP
6NF 6NP ( 6-
2-22a) 5 (-dAbs./dt)
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Ã ąüāüĀāý÷ ƇƊƐŧŪƌƥŘçŊ÷
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7NP 5NP 6 (6NS)
AFM 6NSseed

6NS
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5NP 6NSseed

( 6-2-24)
 

 
 

Ã ąüāüĀĂý÷ ƇƊŹƥƅŘîª÷

 
 6 (An) 

(nm2) 
6 (Aw) 

(nm2) 
 

(PDI) 
6NSseed 8080 11400 1.41 

6NS-7NS 
([6NFseed]:[7NP]=1:5) 

48400 59700 1.23 
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6 J- 0 (6NP) H- 1
(6NF) short-slipping J- 2 (6NS)
3

(PSY)
(Flash-Photolysis Time-Resolved Microwave Conductivity: FP-TRMC)40

6NP 6NS 6NF

( 6-2-25 6-2-14)
˚  
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ąüăüĀýÔï��HŗşŢ©ŘÍk÷

 
 
ąüăüĀüĀýÔï��HŗşŢƇƊƐŧŪƌƥŘ©Ík÷

6NFseed	 6NP (3 mL, 50 µM)  5 ˚C
3 6NP 6NF

6NF
6NFseed ( 6-2-8 6-2-5)  

ąüăüĀüāýÔï��HŗşŢƇƊŹƥƅŘ©Ík÷

6NSseed	 6NS (0.96 mL, 50 µM)  20 ̊ C
20 6NF

( 6-2-12 6-2-7)  
 
ąüăüāý.©�D÷

JASCO V-630 JASCO ETCL-761
AFM Bruker model MaltiMode 8(Scan Assist mode)  

 
ąüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

(0.1 cm)
1 ˚C min-1  

 
ąüăüāüāý0+ŻƕųƅƠ:%ŗşŢ©á/ŘÚÕEó÷

… (1.0 cm)
298 K 630-520 nm 20  
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